Measuring and predicting the effects of time variable exposure of pesticides on populations of green algae : combination of flow through studies and ecological modelling as an innovative tool for refined risk assessments by Weber, Dennis
 
 
 
Measuring and predicting the effects of time-variable 
exposure of pesticides on populations of green algae: 
 
Combination of flow-through studies and ecological modelling as an 
innovative tool for refined risk assessments 
 
 
 
Von der Fakultät für Mathematik, Informatik und Naturwissenschaften der RWTH 
Aachen University zur Erlangung des akademischen Grades eines Doktors der 
Naturwissenschaften genehmigte Dissertation 
 
vorgelegt von 
Diplom-Bioinformatiker (FH) 
Denis Weber 
aus Frankfurt am Main 
 
Berichter:  apl. Professor Dr. rer. nat. Hans Toni Ratte 
Universitätsprofessor Dr. rer. nat. Andreas Schäffer 
 
Tag der mündlichen Prüfung: 14. September 2012 
 
 
 
Diese Dissertation ist auf den Internetseiten der Hochschulbibliothek online verfügbar. 
 
  
 
  
 
 
"As far as the laws of mathematics refer to reality, they 
are not certain; as far as they are certain, they do not 
refer to reality." 
Albert Einstein 
  
 
  
Meiner geliebten Mutter 
  
 
 
Acknowledgements 
 
I am heartily thankful to my supervisor, Prof. Dr. Hans Toni Ratte, whose encouragement, 
guidance, support and patience from the initial to the final level enabled me to realize this 
thesis. It was an honor for me to work under his excellent supervision. 
I owe my most sincere gratitude to Dr. Michael Dorgerloh for his trust, confidence and enthu-
siasm to support the realization of the flow-through experiments. He shared his excellent 
knowledge and experiences with me and his intensive mentoring and on-the-spot support of 
the experiments made this work possible. 
I owe my deepest gratitude to Dr. Dieter Schäfer for his important support throughout this 
work and for his detailed review, constructive criticism and excellent advice during the prepa-
ration of this thesis. 
I wish to express my warm and sincere thanks to Dr. Gerald Reinken for his friendship, per-
sonal favors and for accommodation during the time-intensive laboratory experiments. Our 
extensive discussions around my work, his understanding, encouraging and personal guid-
ance have been of great value for me. 
I would like to show my gratitude to my Dr. Thomas Preuss for his detailed and constructive 
comments and valuable advices, for his guidance in scientific questions, and for his im-
portant support throughout this work. 
I am very grateful to Dr. Fred Heimbach for his untiring help and intensive talks during my 
difficult moments. 
My sincere thanks are due to Dr. Eric Bruns and Dr. Gerhard Görlitz for their support of the 
project, their patience and helpful advices. 
I wish to thank Dr. Klaus Hammel for his help and supervision in solving mathematical and 
modelling problems. His kind support and guidance have been of great value for this work. 
I also wish to thank Dr. Robin Sur and Dr. Barbara Koch for our valuable discussions and 
their advices throughout this project. 
I wish to extend my warmest thanks to all those who have helped me in the work group of 
Aquatic Ecology and Ecotoxicology at the RWTH Aachen University, especially Birgitta Gof-
fart, Katrin Liedtjens, André Gergs, Hanna Maes, Helga von Lochow, Stefanie Uecker and 
Brigitte Thiede. 
My special thanks go to Kristine Holz and Prof. Dr. Ingolf Schuphan. 
I am grateful to the laboratory team at Bayer CropScience AG, Department of Ecotoxicology, 
especially to Oliver Kielack for his support during the flow-through experiments and to Heiko 
Spauszus, Olaf Wüstner and Thomas Riebschläger for their technical support and advices. 
I finally wish to thank Ernst Bühler-Koch for drawing the 3D-model of the flow-through sys-
tem. 
 
  
 
TABLE OF CONTENTS 
 
1. INTRODUCTION ............................................................................................................ 1 
2. BACKGROUND ............................................................................................................. 3 
2.1 Preface ........................................................................................................................................ 3 
2.2 The European Standard Risk Assessment for Pesticides .................................................... 3 
2.3 The FOCUS Exposure Assessment ......................................................................................... 5 
2.3.1 A Tiered Approach in Four Steps ............................................................................................ 5 
2.3.2 The FOCUS Scenarios ............................................................................................................ 7 
2.3.3 The FOCUS Water Body Systems .......................................................................................... 8 
2.3.4 The FOCUS Step 3 Modelling Concept ................................................................................ 10 
2.3.5 Time-Variable Exposure Patterns .......................................................................................... 12 
2.4 Higher-Tier Risk Assessments ............................................................................................... 14 
2.4.1 Overview ................................................................................................................................ 14 
2.4.2 Mesocosms - Aquatic Model Ecosystems ............................................................................. 15 
2.4.3 Models in Ecology and Risk Assessment .............................................................................. 17 
3. PROBLEM DESCRIPTION ...........................................................................................20 
4. OBJECTIVES AND CONCEPTUAL APPROACH ........................................................22 
4.1 Objectives ................................................................................................................................. 22 
4.2 Conceptual Approach ............................................................................................................. 24 
5. MATERIAL AND METHODS ........................................................................................26 
5.1 Test Organisms........................................................................................................................ 26 
5.1.1 Selection of Algae Species .................................................................................................... 26 
5.1.2 D. subspicatus ....................................................................................................................... 28 
5.1.3 P. subcapitata ........................................................................................................................ 29 
5.1.4 C. terricola ............................................................................................................................. 30 
5.1.5 C. pyrenoidifera ..................................................................................................................... 32 
5.1.6 Culture Conditions ................................................................................................................. 34 
5.1.7 Stock Cultivation .................................................................................................................... 35 
5.1.8 Rating Curves ........................................................................................................................ 36 
5.2 Test Substances ...................................................................................................................... 37 
5.2.1 Isoproturon ............................................................................................................................. 37 
5.2.2 3,5-dichlorophenol ................................................................................................................. 39 
5.3 Static Algae Tests .................................................................................................................... 40 
5.3.1 Growth Conditions ................................................................................................................. 40 
5.3.2 Capacity ................................................................................................................................. 43 
5.3.3 Phosphate-Uptake ................................................................................................................. 46 
5.3.4 Competition ............................................................................................................................ 50 
5.3.5 Growth Inhibition .................................................................................................................... 54 
5.4 Flow-through Algae Tests ...................................................................................................... 56 
5.4.1 Background ............................................................................................................................ 56 
5.4.2 Preparation and Setup ........................................................................................................... 57 
5.5 Growth Phases of Algal Populations..................................................................................... 58 
  
6. MODEL DEVELOPMENT .............................................................................................60 
6.1 A Simple Algae Model ............................................................................................................. 60 
6.1.1 Description and Conceptual Model........................................................................................ 61 
6.1.2 State Variables and Parameters ............................................................................................ 62 
6.1.3 Initialization ............................................................................................................................ 63 
6.2 Submodels ............................................................................................................................... 64 
6.2.1 Basic Growth Models ............................................................................................................. 64 
6.2.2 Algae Population Growth ....................................................................................................... 66 
6.2.3 Light Dependence ................................................................................................................. 67 
6.2.4 Temperature Dependence ..................................................................................................... 68 
6.2.5 Nutrient Dependence ............................................................................................................. 69 
6.2.6 Internal P Concentration in Algae Cells ................................................................................. 70 
6.2.7 External P Reservoir .............................................................................................................. 71 
6.2.8 Effect of a Chemical Stressor ................................................................................................ 72 
6.2.9 Single-First-Order Kinetics .................................................................................................... 73 
6.2.10 The SAM-X Model ............................................................................................................. 74 
6.3 Implementation ........................................................................................................................ 75 
6.3.1 Stiffness ................................................................................................................................. 75 
6.3.2 Numerical Solver ................................................................................................................... 75 
6.4 Parameterization ...................................................................................................................... 76 
6.4.1 Overview of Reported Parameter Values .............................................................................. 77 
6.5 Sensitivity Analysis ................................................................................................................. 78 
6.5.1 Description ............................................................................................................................. 78 
6.5.2 Variation of µmax and qmin ....................................................................................................... 79 
6.5.3 Variation of qmax, vmax and ks .................................................................................................. 80 
6.5.4 Variation of D and R0 ............................................................................................................. 82 
6.5.5 Summary and Conclusion ..................................................................................................... 83 
6.6 Standardized Parameter Sets ................................................................................................. 85 
6.7 Model Setup for Simulations .................................................................................................. 86 
7. THE ALGAE FLOW-THROUGH SYSTEM ....................................................................88 
7.1 The Chemostat Principle ........................................................................................................ 88 
7.1.1 Technical Description of the Flow-through System ............................................................... 89 
7.2 Factors of Influence for Growth in Chemostats ................................................................... 92 
7.2.1 Variations of the Initial Cell Density ....................................................................................... 92 
7.2.2 Variations of the Dilution Rate ............................................................................................... 93 
7.2.3 Variations of the Maximum Growth Rate ............................................................................... 93 
7.2.4 Variations of the Inflowing Nutrient Concentration ................................................................ 93 
7.2.5 Simultaneous Variations of Factors of Influence for Growth ................................................. 94 
7.3 Interpretation of Flow-through Experiments ........................................................................ 96 
7.3.1 The Five Phases of an Exposure Event ................................................................................ 96 
7.3.2 The Usage of a ‘Static’ ErC50 under Flow-through Conditions .............................................. 97 
7.3.3 The Dependency of the Duration of Exposure Events on the Effects on Algae .................... 99 
7.3.4 The Dependency of the Slope of the Concentration-Effect Relationship ............................ 100 
 
 
8. RESULTS ................................................................................................................... 102 
8.1 The Variance in Algae Growth Inhibition Studies .............................................................. 102 
8.2 Static Algae Tests .................................................................................................................. 107 
8.2.1 Growth Conditions ............................................................................................................... 107 
8.2.2 Capacity ............................................................................................................................... 111 
8.2.3 Phosphate-Uptake ............................................................................................................... 119 
8.2.4 Competition .......................................................................................................................... 127 
8.2.5 Growth Inhibition .................................................................................................................. 132 
8.3 Flow-through Algae Tests .................................................................................................... 138 
8.3.1 Preliminary-Tests ................................................................................................................. 138 
8.3.2 Test with 3,5-dichlorophenol ................................................................................................ 141 
8.3.3 Tests with Isoproturon ......................................................................................................... 144 
8.4 Validation of Parameter Sets ................................................................................................ 155 
8.5 Extrapolation Scenario ......................................................................................................... 158 
8.5.1 Purpose ............................................................................................................................... 158 
8.5.2 Toxicity Data ........................................................................................................................ 158 
8.5.3 Exposure Pattern ................................................................................................................. 159 
8.5.4 Setup for the Modelling Approach ....................................................................................... 159 
8.5.5 Model Predictions ................................................................................................................ 160 
8.5.6 Modified Model Predictions ................................................................................................. 161 
8.5.7 Discussion ........................................................................................................................... 162 
9. DISCUSSION AND FINAL CONCLUSIONS ............................................................... 163 
10. BIBLIOGRAPHY ..................................................................................................... 169 
11. APPENDIX .............................................................................................................. 184 
11.1 Abbreviations and Symbols ................................................................................................. 184 
11.2 Raw Data ................................................................................................................................. 185 
11.2.1 Growth Conditions Tests ................................................................................................. 185 
11.2.2 Capacity Tests ................................................................................................................. 186 
11.2.3 Competition Tests ............................................................................................................ 190 
11.2.4 Growth Inhibition Tests .................................................................................................... 193 
11.3 Literature Sources for Parameter Values ............................................................................ 194 
11.4 Algae Growth Media .............................................................................................................. 197 
11.4.1 OECD 201 culture medium .............................................................................................. 197 
11.4.2 WARIS-H culture medium ............................................................................................... 198 
11.4.3 KUHL culture medium...................................................................................................... 200 
11.5 Photosynthesis Inhibiting Herbicides ................................................................................. 201 
11.6 Approach to Combine Flow-through Tests and Modelling ............................................... 202 
11.7 Materials and Software ......................................................................................................... 204 
SUMMARY ......................................................................................................................... 205 
ZUSAMMENFASSUNG ..................................................................................................... 209 
 
 
  
LIST OF FIGURES 
 
Figure 2-1: Tiered approach in FOCUS exposure assessment .............................................................. 6 
Figure 2-2: Location of the ten FOCUS surface water scenarios across Europe ................................... 7 
Figure 2-3: FOCUS ditch scenario .......................................................................................................... 8 
Figure 2-4: FOCUS pond scenario .......................................................................................................... 8 
Figure 2-5: FOCUS stream scenario ....................................................................................................... 9 
Figure 2-6: FOCUS Step 3 modelling concept ...................................................................................... 10 
Figure 2-7: FOCUS exposure pattern, drainage scenario, water body: ditch ....................................... 13 
Figure 2-8: FOCUS exposure pattern, drainage scenario, water body: pond ....................................... 13 
Figure 2-9: FOCUS exposure pattern, runoff scenario, water body: stream ......................................... 13 
Figure 3-1: Problem description scheme ............................................................................................... 20 
Figure 3-2: FOCUS calculation for a pesticide in a runoff scenario ...................................................... 21 
Figure 4-1: Conceptual approach .......................................................................................................... 23 
Figure 5-1: Pictures of D. subspicatus .................................................................................................. 28 
Figure 5-2: Pictures of P. subcapitata ................................................................................................... 29 
Figure 5-3: Pictures of Chlamydomonas spec. ..................................................................................... 30 
Figure 5-4: Cell and life cycle of Chlamydomonas spec. ...................................................................... 31 
Figure 5-5: Pictures of Cryptomonas spec. ........................................................................................... 32 
Figure 5-6: Cell morphology of Cryptomonas spec. .............................................................................. 33 
Figure 5-7: Rating curve D. subspicatus ............................................................................................... 36 
Figure 5-8: Rating curve P. subcapitata ................................................................................................ 36 
Figure 5-9: Rating curve C. terricola ..................................................................................................... 36 
Figure 5-10: Rating curve C. pyrenoidifera ........................................................................................... 36 
Figure 5-11: Annual dynamics of light and temperature ....................................................................... 40 
Figure 5-12: Algae population growth dynamics ................................................................................... 44 
Figure 5-13: Asymptotic behavior of the cell quota model .................................................................... 44 
Figure 5-14: Rating curves with phosphate standard (tests with D. subspicatus) ................................ 47 
Figure 5-15: Rating curves with phosphate standard (tests with C. pyrenoidifera) ............................... 47 
Figure 5-16: Growth of P aurelia and P. caudatum in separate and mixed cultures. ............................ 50 
Figure 5-17: Growth phases of algae populations under controlled culture conditions ........................ 58 
Figure 6-1: Model concept of SAM-X .................................................................................................... 61 
Figure 6-2: One solution of the logistic differential equation ................................................................. 65 
Figure 6-3: Example f(I) response curve ............................................................................................... 67 
Figure 6-4: Example f(T) response curve .............................................................................................. 68 
Figure 6-5: Example f(Q) response curve ............................................................................................. 69 
Figure 6-6: Example of a log-logistic concentration-effect curve .......................................................... 72 
Figure 6-7: Example data and corresponding SFO decline curve ........................................................ 73 
Figure 6-8: Surface plot of variation of µmax ........................................................................................... 79 
Figure 6-9: Surface plot of variation of qmin ........................................................................................... 79 
Figure 6-10: Surface plot of variation of qmax ......................................................................................... 80 
Figure 6-11: Surface plot of variation of vmax ......................................................................................... 80 
Figure 6-12: Surface plot of variation of ks ............................................................................................ 81 
Figure 6-13: Surface plot of variation of D ............................................................................................. 82 
Figure 6-14: Surface plot of variation of R0 ........................................................................................... 82 
Figure 6-15: Maximum change of biomass by ±30% variation of different parameters ........................ 83 
Figure 7-1: Flow-through system under experimental conditions ......................................................... 90 
Figure 7-2: CO2 station and reactor system prior to test start ............................................................... 90 
Figure 7-3: 3D model of the flow-through system ................................................................................. 91 
Figure 7-4: Population dynamics with different initial cell densities ...................................................... 95 
Figure 7-5: Population dynamics with different dilution rates ................................................................ 95 
Figure 7-6: Population dynamics with given µmax and varied dilution rate from day 25 ........................ 95 
Figure 7-7: Population dynamics with different dilution rates and varied µmax from day 25 .................. 95 
Figure 7-8: Population dynamics with different nutrient inflows (R0) ..................................................... 95 
Figure 7-9: Population dynamics with time-variable nutrient inflows (R0) ............................................. 95 
Figure 7-10: Illustration of the five phases occuring in a flow-through experiment ............................... 96 
Figure 7-11: Effects of a constant ErC50 exposure on a population ...................................................... 98 
Figure 7-12: Population exposed to ErC50 peaks of different duration .................................................. 99 
Figure 7-13: Concentration-effect curves with different slope values ................................................. 100 
Figure 7-14: Population in a flow-through system with different slope values .................................... 101 
Figure 8-1: Variance in 72 h growth inhibition tests ............................................................................ 103 
Figure 8-2: Temperature and light intensities plotted vs. 72 h growth rate ......................................... 103 
Figure 8-3: Surface fit to data of growth rate vs. light and temperature .............................................. 104 
Figure 8-4: Contour fit to data of growth rate vs. light and temperature.............................................. 104 
Figure 8-5: Control measurements of 202 growth inhibition studies ................................................... 105 
Figure 8-6: Simulations of 72 h growth with default parameter settings ............................................. 106 
Figure 8-7: Cell densities of D. subspicatus grown in starving cultures .............................................. 107 
Figure 8-8: Cell densities of D. subspicatus at three different nutrient conditions .............................. 107 
Figure 8-9: Growth of C. terricola in different nutrient media .............................................................. 108 
Figure 8-10: Overview of 72 h growth rates (d-1) ................................................................................. 108 
Figure 8-11: Growth of C. pyrenoidifera in different nutrient media .................................................... 108 
Figure 8-12: Cell densities of C. terricola grown at different environmental conditions ...................... 109 
Figure 8-13: Cell densities of C. pyrenoidifera at different environmental conditions ......................... 109 
Figure 8-14: Capacity tests, measured population dynamics, D. subspicatus .................................... 113 
Figure 8-15: Capacity tests, sectional growth rates, D. subspicatus................................................... 113 
Figure 8-16: Capacity tests, measured population dynamics, P. subcapitata .................................... 113 
Figure 8-17: Capacity tests, sectional growth rates, P. subcapitata ................................................... 113 
Figure 8-18: Capacity tests, measured population dynamics, C. terricola .......................................... 114 
Figure 8-19: Capacity tests, sectional growth rates, C. terricola ......................................................... 114 
Figure 8-20: Capacity tests, measured population dynamics, C. pyrenoidifera .................................. 114 
Figure 8-21: Capacity tests, sectional growth rates, C. pyrenoidifera ................................................. 114 
Figure 8-22: Capacity tests, modelled population dynamics, D. subspicatus ..................................... 116 
Figure 8-23: Capacity tests, calculated vs. observed, D. subspicatus ................................................ 116 
Figure 8-24: Capacity tests, modelled population dynamics, P. subcapitata ...................................... 116 
Figure 8-25: Capacity tests, calculated vs. observed, P. subcapitata ................................................. 116 
Figure 8-26: Capacity tests, modelled population dynamics, C. terricola ........................................... 117 
Figure 8-27: Capacity tests, calculated vs. observed, C. terricola ...................................................... 117 
Figure 8-28: Capacity tests, modelled population dynamics, C. pyrenoidifera ................................... 117 
Figure 8-29: Capacity tests, calculated vs. observed, C. pyrenoidifera .............................................. 117 
Figure 8-30: Overview of determined population capacities ............................................................... 118 
Figure 8-31: P-uptake test 1, cell densities ......................................................................................... 121 
Figure 8-32: P-uptake test 2, cell densities ......................................................................................... 121 
Figure 8-33: P-uptake test 1, P in biomass ......................................................................................... 121 
Figure 8-34: P-uptake test 2, P in biomass ......................................................................................... 121 
Figure 8-35: P-uptake test 1, P in medium .......................................................................................... 121 
Figure 8-36: P-uptake test 2, P in medium .......................................................................................... 121 
Figure 8-37: P-uptake test 3, cell densities ......................................................................................... 122 
  
Figure 8-38: P-uptake test 4, cell densities ......................................................................................... 122 
Figure 8-39: P-uptake test 3, P in biomass ......................................................................................... 122 
Figure 8-40: P-uptake test 4, P in biomass ......................................................................................... 122 
Figure 8-41: P-uptake test 3, P in medium .......................................................................................... 122 
Figure 8-42: P-uptake test 4, P in medium .......................................................................................... 122 
Figure 8-43: Long-term P-uptake, cell densities, P in medium, D. subspicatus .................................. 124 
Figure 8-44: Long-term P-uptake, P in biomass, D. subspicatus ........................................................ 124 
Figure 8-45: Long-term P-uptake, cell densities, P in medium, P. subcapitata .................................. 124 
Figure 8-46: Long-term P-uptake, P in biomass, P. subcapitata ......................................................... 124 
Figure 8-47: Long-term P-uptake, cell densities, P in medium, C. terricola ........................................ 125 
Figure 8-48: Long-term P-uptake, P in biomass, C. terricola .............................................................. 125 
Figure 8-49: Long-term P-uptake, cell densities, P in medium, C. pyrenoidifera ................................ 125 
Figure 8-50: Long-term P-uptake, P in biomass, C. pyrenoidifera ...................................................... 125 
Figure 8-51: D. subspicatus vs. P. subcapitata, 1:1 ratio, cell densities ............................................. 128 
Figure 8-52: D. subspicatus vs. P. subcapitata, 1:1 ratio, calculated vs. observed ............................ 128 
Figure 8-53: D. subspicatus vs. P. subcapitata, 1:3 ratio, cell densities ............................................. 128 
Figure 8-54: D. subspicatus vs. P. subcapitata, 1:3 ratio, calculated vs. observed ............................ 128 
Figure 8-55: D. subspicatus vs. P. subcapitata, 3:1 ratio, cell densities ............................................. 128 
Figure 8-56: D. subspicatus vs. P. subcapitata, 3:1 ratio, calculated vs. observed ............................ 128 
Figure 8-57: C. terricola vs. C. pyrenoidifera, 1:1 ratio, cell densities ................................................. 130 
Figure 8-58: C. terricola vs. C. pyrenoidifera, 1:1 ratio, calculated vs. observed ................................ 130 
Figure 8-59: C. terricola vs. C. pyrenoidifera, 1:3 ratio, cell densities ................................................. 130 
Figure 8-60: C. terricola vs. C. pyrenoidifera, 1:3 ratio, calculated vs. observed ................................ 130 
Figure 8-61: C. terricola vs. C. pyrenoidifera, 3:1 ratio, cell densities ................................................. 130 
Figure 8-62: C. terricola vs. C. pyrenoidifera, 3:1 ratio, calculated vs. observed ................................ 130 
Figure 8-63: ErC50 values with 95% confidence limits for isoproturon................................................. 132 
Figure 8-64: Concentration-effect curve, test 1, D. subspicatus ......................................................... 133 
Figure 8-65: Concentration-effect curve, re-evaluated test (Hoechst), D. subspicatus ...................... 133 
Figure 8-66: Concentration-effect curve, test 2, P. subcapitata .......................................................... 133 
Figure 8-67: Concentration-effect curve, test 3, C. terricola (1) .......................................................... 133 
Figure 8-68: Concentration-effect curve, test 4, C. terricola (2) .......................................................... 133 
Figure 8-69: Concentration-effect curve, test 5, C. pyrenoidifera ....................................................... 133 
Figure 8-70: Growth inhibition test 1, cell densities, D. subspicatus ................................................... 135 
Figure 8-71: Growth inhibition test 1, calculated vs. observed ............................................................ 135 
Figure 8-72: Growth inhibition test (Hoechst), cell densities, D. subspicatus ..................................... 135 
Figure 8-73: Growth inhibition test (Hoechst), calculated vs. observed .............................................. 135 
Figure 8-74: Growth inhibition test 2, cell densities, P. subcapitata .................................................... 135 
Figure 8-75: Growth inhibition test 2, calculated vs. observed ............................................................ 135 
Figure 8-76: Growth inhibition test 3, cell densities, C. terricola ......................................................... 136 
Figure 8-77: Growth inhibition test 3, calculated vs. observed, C. terricola ........................................ 136 
Figure 8-78: Growth inhibition test 4, cell densities, C. terricola ......................................................... 136 
Figure 8-79: Growth inhibition test 4, calculated vs. observed, C. terricola ........................................ 136 
Figure 8-80: Growth inhibition test 5, cell densities, C. pyrenoidifera ................................................. 136 
Figure 8-81: Growth inhibition test 5, calculated vs. observed, C. pyrenoidifera ................................ 136 
Figure 8-82: Test of flow rate accuracy of solenoid pumps ................................................................. 139 
Figure 8-83: Test of temperature stability in the reactor system ......................................................... 139 
Figure 8-84: Preliminary flow-through tests, measured cell densities ................................................. 139 
Figure 8-85: Preliminary flow-through tests, modelled cell densities .................................................. 139 
Figure 8-86: Flow-through main test 1 with D. subspicatus exposed to 3,5-dichlorophenol ............... 142 
Figure 8-87: Reproducibility of flow-through main test 1 ..................................................................... 143 
Figure 8-88: Modification of the FOCUS exposure pattern for isoproturon ......................................... 144 
Figure 8-89: Exposure pattern in flow-through main test 2 (D. subspicatus) ...................................... 145 
Figure 8-90: Exposure pattern in flow-through main test 3 (P. subcapitata) ....................................... 145 
Figure 8-91: Flow-through main test 2 with D. subspicatus exposed to isoproturon .......................... 150 
Figure 8-92: Flow-through main test 3 with P. subcapitata exposed to isoproturon (A) ..................... 151 
Figure 8-93: Flow-through main test 3 with P. subcapitata exposed to isoproturon (B) ..................... 152 
Figure 8-94: Predicted vs. observed, capacity tests, D. subspicatus and P. subcapitata ................... 157 
Figure 8-95: Predicted vs. observed, capacity tests, C. terricola and C. pyrenoidifera ...................... 157 
Figure 8-96: Predicted vs. observed, growth inhibition tests 1-2 ........................................................ 157 
Figure 8-97: Predicted vs. observed, growth inhibition tests 3-5 ........................................................ 157 
Figure 8-98: Predicted vs. observed, flow-through main tests, D. subspicatus .................................. 157 
Figure 8-99: Predicted vs. observed, flow-through main tests, P. subcapitata ................................... 157 
Figure 8-100: Concentration-effect curves, P. subcapitata, herbicide F ............................................. 158 
Figure 8-101: Modification of the calculated FOCUS exposure pattern for herbicide F...................... 159 
Figure 8-102: Predicted population dynamics with FOCUS exposure to herbicide F ......................... 160 
Figure 8-103: Predicted population dynamics with modified exposure to herbicide F ........................ 161 
Figure 9-1 Combined approach of experimental studies and ecological modelling ............................ 167 
Figure 11-1: Approach to combine flow-through experiments and population modelling ................... 203 
 
  
LIST OF TABLES 
 
Table 2-1: FOCUS surface water scenarios with associated water bodies and entry routes ................. 7 
Table 5-1: Phylum of Desmodesmus .................................................................................................... 28 
Table 5-2: Phylum of Selenastrum ........................................................................................................ 29 
Table 5-3: Phylum of Chlamydomonas ................................................................................................. 30 
Table 5-4: Phylum of Cryptomonas ....................................................................................................... 32 
Table 5-5: Physico-chemical properties of isoproturon ......................................................................... 37 
Table 5-6: Physico-chemical properties of 3,5-dichlorophenol ............................................................. 39 
Table 5-7: Overview of performed growth condition experiments ......................................................... 42 
Table 5-8: Overview of performed capacity experiments ...................................................................... 45 
Table 5-9: Overview of performed short-term P-uptake experiments ................................................... 48 
Table 5-10: Overview of performed competition experiments ............................................................... 53 
Table 5-11: Overview of performed growth inhibition experiments ....................................................... 55 
Table 5-12: Overview of performed flow-through experiments ............................................................. 57 
Table 6-1: Physiological properties of the algae species and model parameter ................................... 62 
Table 6-2: Environmental variables ....................................................................................................... 62 
Table 6-3: State variables of the model, additional equations and definitions ...................................... 62 
Table 6-4: Overview of input parameter for simulations of different study types .................................. 63 
Table 6-5: Ranges of parameter values obtained from literature .......................................................... 77 
Table 6-6: Standard parameter sets of the four different algae species ............................................... 85 
Table 6-7: Setup of state variables for simulations ............................................................................... 86 
Table 6-8: Setup for modelling based on experimental boundary conditions (1) .................................. 86 
Table 6-9: Setup for modelling based on experimental boundary conditions (2) .................................. 87 
Table 8-1: Variance in growth inhibition studies, D. subspicatus and P. subcapitata ......................... 103 
Table 8-2: Determined maximum growth rates and population capacities ......................................... 112 
Table 8-3: Experimentally determined parameter values .................................................................... 120 
Table 8-4: Isoproturon ErC50 values with confidence limits and slopes............................................... 134 
Table 8-5: Goodness of fit statistics .................................................................................................... 156 
Table 8-6: ErC50 values with 95% confidence limits P. subcapitata, herbicide F ................................ 158 
Table 8-7: Setup for model prediction of flow-through experiment with herbicide F ........................... 159 
Table 11-1: D. subspicatus growth condition tests .............................................................................. 185 
Table 11-2: C. terricola and C. pyrenoidifera growth condition tests .................................................. 185 
Table 11-3: C. terricola and C. pyrenoidifera culture media tests ....................................................... 185 
Table 11-4: D. subspicatus capacity tests 1-5 ..................................................................................... 186 
Table 11-5: D. subspicatus capacity tests 6-7 ..................................................................................... 186 
Table 11-6: P. subcapitata capacity tests 1-5 ..................................................................................... 187 
Table 11-7: P. subcapitata capacity tests 6-7 ..................................................................................... 187 
Table 11-8: C. terricola capacity tests 1-5 ........................................................................................... 188 
Table 11-9: C. terricola capacity tests 6-7 ........................................................................................... 188 
Table 11-10: C. pyrenoidifera capacity tests 1-5 ................................................................................. 189 
Table 11-11: C. pyrenoidifera capacity tests 6-7 ................................................................................. 189 
Table 11-12: Competition test 1-3 with initial cell ratio 1:1 .................................................................. 190 
Table 11-13: Competition test 1-3 with initial cell ratio 1:3 .................................................................. 190 
Table 11-14: Competition test 1-3 with initial cell ratio 3:1 .................................................................. 191 
Table 11-15: Competition test 4-6 with initial cell ratio 1:1 .................................................................. 192 
Table 11-16: Competition test 4-6 with initial cell ratio 1:3 .................................................................. 192 
Table 11-17: Competition test 4-5 with initial cell ratio 3:1 .................................................................. 192 
Table 11-18: Growth inhibition test 1 with isoproturon ........................................................................ 193 
Table 11-19: Growth inhibition test 2 with isoproturon ........................................................................ 193 
Table 11-20: Growth inhibition test 3 with isoproturon ........................................................................ 193 
Table 11-21: Growth inhibition test 4 with isoproturon ........................................................................ 193 
Table 11-22: Growth inhibition test 5 with isoproturon ........................................................................ 193 
Table 11-23: Parameter values for cell volumes ................................................................................. 194 
Table 11-24: Parameter values for µmax .............................................................................................. 194 
Table 11-25: Parameter values for Topt, Tmin and Tmax ......................................................................... 195 
Table 11-26: Parameter values for ks .................................................................................................. 195 
Table 11-27: Parameter values for qmin and qmax................................................................................. 196 
Table 11-28: Parameter values for vmax and mmax ............................................................................... 196 
Table 11-29: Recipe for OECD 201 nutrient medium.......................................................................... 197 
Table 11-30: Recipe for WARIS-H nutrient medium ........................................................................... 198 
Table 11-31: Recipe for KUHL nutrient medium ................................................................................. 200 
 
 
 
  
  
 
 
  Introduction 1 
1. Introduction 
 
At present, the application of pesticides in agriculture helps to secure the world wide food 
supply. The use of pesticides leads to an increased harvest per hectare as well as a reduced 
risk of crop losses or total crop failure. An unintended side effect of pesticide use is the harm 
of non-target organisms and their surrounding environment. The areas adjacent to agricul-
tural fields including terrestrial, aerial, and aquatic habitats are of interest for protection. 
Aquatic ecosystems (e.g. ponds, ditches, streams and creeks) in agricultural areas and their 
inhabitants are potentially affected by pesticides and their metabolites. The toxicants can 
enter the aquatic environment via drift, runoff or drainage. In aquatic ecosystems the role of 
non-target species is important, e.g. algae as primary producers at the lowest trophic level 
control the nutrient cycle and water quality. An environmental risk assessment is therefore 
necessary to evaluate exposure and effects (SETAC 1997). 
Governmental authorities have set protection criteria to prevent aquatic organisms to be en-
dangered by pesticides (EC 1991; Newman and Unger 2003; Brock et al. 2006). The Euro-
pean Union (EU) Council Directive 91/414 EEC is a regulatory framework that relates to the 
registration of pesticides in the EU (EC 1991 and 1995). Protection goals, data requirements 
for aquatic risk assessments and approaches for a risk characterization of the active sub-
stances to be registered are considered in this directive. Due to the risk that pesticides pose 
to aquatic ecosystems and aquatic non-target organisms, extensive laboratory toxicity stud-
ies and ERAs are required before a product can be registered in the EU. The aquatic toxicity 
tests include standardized experiments with aquatic plants (algae, Lemna), aquatic inverte-
brates (Daphnia), and fish, and for all tested organisms toxicity endpoints are determined for 
later use in risk assessment (EC 1996, 1997 and 2002a; Brock et al. 2000a and 2000b). In 
these tests standardized and simplified exposure patterns are simulated, typically a single 
peak exposure in a static water body, or a constant exposure situation. 
The input and the fate of pesticides in aquatic environments are calculated by mechanistic 
exposure models (FOCUS 2003). Exposure modelling is a regulatory standard determined 
by the Council Directive 91/414 and is compulsory in the risk assessment of pesticides. 
These models provide Predicted Environmental Concentrations in common surface water 
bodies (PECSW). The model calculations typically show profiles of time-variable exposure. 
The PECSW values are compared to the toxicity endpoints from the laboratory studies based 
on simple exposure assumptions.  
Relating the results of these standard tests to time-variable and multiple pulsed exposure 
patterns is only possible by gross simplifications and the use of overly conservative worst-
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case assumptions (Reinert et al. 2002). Some approaches how to evaluate pulsed exposure 
and how to consider it in risk assessments were proposed by e.g. Boesten et al. (2007) and 
the ELINK workshop (Brock et al. 2007). These concepts also include suggestions how to 
generalize exposure regimes for ditches, streams and ponds in order to ease the comparison 
with the exposure profiles of aquatic toxicity tests. This requires the identification of key 
characteristics of the exposure patterns (e.g. peak height, duration and interval between 
peaks). Population-level effects and time-to-recovery after time-variable exposure are as-
pects of increasing importance. Knowledge about the responses of aquatic organisms (e.g. 
green algae) to time-variable exposure needs to be gained for more realistic, but still con-
servative risk assessments.  
Out of the multitude of interactions of pesticides and non-target species, the example 
of herbicides and algae was chosen. This work presents the results of an approach to 
combine ecotoxicological experiments and population modelling to assess effects of 
pulsed exposure on algae. 
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2. Background 
2.1 Preface 
 
The following background chapters provide an overview of the European Standard Risk As-
sessment for plant protection products. Particularly with regard to the area of fate and expo-
sure of pesticides in aquatic environments, the mandatory exposure simulation models, their 
underlying principles and assumptions, as well as the problems of interpretation of the model 
results within the ecotoxicological risk assessment are described. The main focus of this in-
troductory overview lies on the exposure and risk assessment on European level; national 
specific requirements are not considered here. The stepwise approach in the exposure as-
sessment is explained and therefore, a description of the simulation models that calculate the 
fate of chemical toxicants in surface waters across Europe is given. In particular, the third 
step of the exposure assessment is introduced in detail due to its importance in the risk as-
sessment. Examples of model outcomes are presented and explained, the complexity of the 
simulation results is illustrated and the problems related to the interpretation of the results 
are described.  
 
2.2 The European Standard Risk Assessment for Pesticides 
 
The regulatory risk assessment for aquatic non-target organisms is a comparison of predict-
ed environmental concentrations in surface waters with toxicity data. The PECSW are esti-
mated by using exposure models which calculate the fate of chemicals in surface water bod-
ies (e.g. the FOCUS TOXSWA1 model). The model calculations are based on realistic worst-
case exposure scenarios defined by the FOCUS group (FOCUS 2003). These FOCUS sce-
narios represent agricultural conditions and different water bodies within the EU. They reflect 
that aquatic exposure is often characterized by multiple peaks of variable height and dura-
tion, driven by spray drift inputs as well as runoff and drain flow events.  
For each compound, important toxicity parameters are determined in ecotoxicological labora-
tory studies, which need to be performed according to specific guidelines provided by the 
OECD2 (e.g. algae growth inhibition tests according to OECD guideline 201; OECD 2006). 
These standard toxicity studies generate data such as the No-Observed Effect Concentration 
(NOEC), the concentration causing 50% inhibition of the algae growth rate (ErC50) and the 
concentration causing 50% lethality (LC50) of fish or Daphnia. These endpoints are mandato-
                                               
1 TOXic substances in Surface WAters 
2 Organisation for Economic Co-operation and Development 
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ry for the aquatic risk assessment. These data are further on used to assess the potential 
risks for representative aquatic non-target organisms which are exposed to a pesticide con-
centration corresponding to the calculated PECSW.  
Conservatively, as a worst-case approach for the short-term assessment, the lowest value of 
the acute toxicity data (LC/EC50) for aquatic organisms (plants, invertebrates and fish) is re-
lated to the calculated maximum PECSW and the Toxicity Exposure Ratio (TER) is calculated. 
The long-term assessment is performed by relating a time-weighted average3 (TWA) concen-
tration to chronic effect data for the same aquatic organisms. The various TER values are 
then compared with regulatory required uncertainty factors (safety margins), typically 10 for 
chronic and 100 for acute data.  
The safe use of a compound is given if the TER ≥ 10 for chronic and the TER ≥ 100 for acute 
toxicity is achieved. If the product passes these triggers, no further exposure assessment is 
necessary. In case that no safe use was attained during the standard risk assessment, more 
detailed data relating to environmental exposure or hazard may be required to clarify the 
environmental risk. Such data is generated within the higher-tier risk assessment. A detailed 
overview of the FOCUS exposure assessment and the higher-tier risk assessment is pre-
sented in the following chapters. 
 
                                               
3The average exposure concentration over a given time period 
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2.3 The FOCUS Exposure Assessment 
2.3.1 A Tiered Approach in Four Steps 
 
The FOCUS forum was established as a joint initiative of the European Commission (EC) 
and the crop protection industry in order to develop guidance on the use of mathematical 
models in the review process under Council Directive 91/414/EEC of 15 July 1991 (EC 1991 
and 1995). In order to calculate PECSW, the FOCUS group developed typical scenarios within 
the EU for surface water fate modelling, including inputs from spray drift, drainage and run-
off. The FOCUS scenario calculations are required by regulatory agencies and the modelling 
procedure was defined as a stepwise approach consisting of four steps; each higher step 
with increasing complexity. For each step, a PEC in surface waters is calculated that is 
required in the standard risk assessment process for the relevant substance. 
 
At Step 1 in the tiered approach the surface water exposure is based on an ‘all at once’ 
worst-case loading. The toxicity endpoints of the relevant aquatic organisms are then related 
to the exposure concentration. In case the use of the compound can be considered safe, no 
further surface water calculations are needed. However, if the results indicate no safe use, a 
proceeding to Step 2 is required.  
The Step 2 calculations account for a more realistic substance loading based on sequential 
application patterns, while no specific additional characteristics of the scenario are defined. 
The toxicity endpoints are again compared to the calculated PECSW values. If a decision for a 
safe use can be made at this stage, no further risk assessment is necessary. In case, no 
safe use can be shown, proceed to Step 3 is necessary.  
Step 3 performs a calculation of the PECSW using realistic worst-case scenarios, but taking 
into account agronomic and climatic conditions relevant to the crop and a selection of typical 
water bodies. Simulation models are used in conjunction with standardized exposure scenar-
ios. The simulation models chosen by FOCUS are MACRO (Jarvis 1995; Jarvis et al. 1995; 
Beulke et al. 2000) for estimating the contribution of drainage, PRZM for the estimation of the 
contribution of runoff (FOCUS 2000; Suárez 2005) and TOXSWA for the estimation of the 
final PEC values in surface waters (Adriaanse and Beltman 2009; Beltman et al. 2006). In 
addition, the SWASH tool (Surface WAter Scenarios Help) was developed by FOCUS as a 
user-friendly interface to the simulation models (Te Roller et al. 2003; van den Berg et al. 
2005 and 2008). The highest PECSW estimates from the FOCUS surface water scenarios are 
likely to represent at least a 90th percentile worst-case for surface water exposures (FO-
CUS 2003). This is achieved by using overall worst-case environmental characteristics (soil 
and climate data) and a worst-case timing of application in relation to the next strong rainfall 
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event (at least 10 mm of precipitation within ten days following application). Substance inputs 
via spray-drift are calculated in all scenarios, in addition to input via drainage or runoff. If it is 
not possible to provide a safe use at any of the Step 3 scenarios, a higher-tier exposure as-
sessment at Step 4, the last step in the tiered approach, is triggered.  
Step 4 allows a refinement of the fate input parameters and the consideration of mitigation 
measures (drifts buffers, drift-reducing nozzles and vegetated buffer zones) as well as the 
development of regional and landscape-level approaches for the existing scenarios (FO-
CUS 2007a and 2007b; Ter Horst et al. 2009).  
In summary, the developed FOCUS scenarios are deemed to yield a realistic worst-case 
assessment of PECSW for a chosen compound. An illustration of the tiered approach within 
the FOCUS exposure assessment is presented in Figure 2-1 (modified; FOCUS 2003). 
 
Figure 2-1: Tiered approach in FOCUS exposure assessment 
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2.3.2 The FOCUS Scenarios 
 
At Step 3, ten realistic worst-case 
scenarios for surface water as-
sessments have been defined, 
which collectively represent agri-
culture in the EU (Figure 2-2; FO-
CUS 2003). Six of the scenarios 
characterize inputs from drainage 
and spray drift (D1-D6) whilst four 
characterize inputs from runoff and 
spray-drift (R1-R4). 
The range of crop / irrigation com-
binations associated with scenari-
os D1, D2, D3, D4, D5 and R1 are 
essentially relevant to Northern 
European agriculture, whereas the crop / irrigation combinations associated with scenarios 
D6, R2, R3 and R4 are essentially relevant to Southern European agriculture (FOCUS 2003). 
Each scenario, associated to specific soil and climate data, considers up to three different 
water body systems (ditch, pond, and stream) with differences in discharge, outflow, resi-
dence times, base flow and other properties. An overview on scenario properties, water bod-
ies and entry routes are presented in Table 2-1.  
Table 2-1: FOCUS surface water scenarios with associated water bodies and entry routes 
Scenario Inputs Soil type Water body Weather station 
Mean annual 
temperature 
[°C] 
Mean annual 
rainfall [mm] 
D1 Drainage & drift Clay Ditch, stream Lanna 6.1 556 
D2 Drainage & drift Clay Ditch, stream Brimstone 9.7 642 
D3 Drainage & drift Sand Ditch Vreedepeel 9.9 747 
D4 Drainage & drift Light loam Pond, stream Skousbo 8.2 659 
D5 Drainage & drift Medium loam Pond, stream La Jailliere 11.8 651 
D6 Drainage & drift Heavy loam Ditch Thiva 16.7 683 
R1 Runoff & drift Light silt Pond, stream Weiherbach 10.0 744 
R2 Runoff & drift Light loam Stream Porto 14.8 1402 
R3 Runoff & drift Heavy loam Stream Bologna 13.6 682 
R4 Runoff & drift Medium loam Stream Roujan 14.0 756 
 
 
Figure 2-2: Location of the ten FOCUS surface water scenarios 
across Europe 
R = runof f  scenario
D = drainage scenario
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2.3.3 The FOCUS Water Body Systems 
 
The Step 3 scenarios were designed to take more account of the regional differences that 
exist across Europe. Three different types of water bodies were associated with the particular 
scenarios, ditches, streams and ponds. The scenarios are characterized by different proper-
ties relating to the dimensions, the sediment and organic components and the hydrology for 
each water body. The different water bodies are described below, whereas a more detailed 
description of the FOCUS water body properties including residence times, discharge varia-
tions and other properties is given in the FOCUS surface water report (FOCUS 2003). 
 
Ditches (Figure 2-3; FO-
CUS 2003) are present in four 
drainage scenarios (D1, D2, D3, 
and D6). They are characterized 
by a length of 100 m and a width 
of 1 m. Ditches are fed by water 
fluxes from an upstream catch-
ment of 2 ha and lateral water 
fluxes from a 1 ha neighboring 
field. The drainage scenario D2 
is an exception to this, where the base-flow component originates from a 20 ha upstream 
catchment in order to maintain a minimum flow in summer. The more rapid drain flow com-
ponent originates from the 2 ha catchment. A minimum water depth of 0.3 m is maintained in 
the ditch by means of a weir at its outflow end. 
 
Ponds (Figure 2-4; FO-
CUS 2003) are present in two 
drainage scenarios and one run-
off scenario.  Ponds allocate an 
area of 30 x 30 m and a contrib-
uting area for drainage or runoff 
of 4500 m2. The base flow, con-
tinuously feeding the pond, orig-
inates from a 3 ha catchment.  In 
order to achieve the desired res-
idence times of approximately 50 
days, the ponds are supplied by a small constant base flow of 0.025 - 0.1 L∙s-1. The outflow is 
 
Figure 2-3: FOCUS ditch scenario  
 
Figure 2-4: FOCUS pond scenario  
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composed of the base flow plus the drainage or runoff fluxes from the 4500 m2 contributing 
area. Outflow occurs across a weir with a crest width of 0.5 m and a height of 1 m. 
 
Streams (Figure 2-5; FO-
CUS 2003) are present at four 
of the six drainage scenarios 
and at all four runoff scenari-
os. Streams have a length of 
100 m, a width of 1 m and 
their inflow is composed of a 
constant base flow plus varia-
ble fluxes of drainage or runoff 
water from a 100 ha upstream 
catchment. The 1 ha field adjacent to each stream also delivers lateral fluxes of drainage and 
runoff water into it. As with the ditch scenarios, a minimum water depth of 0.3 m is main-
tained in the stream by means of a weir at its outflow end. 
 
 
 
Figure 2-5: FOCUS stream scenario 
  
 The FOCUS Exposure Assessment  Background10 
2.3.4 The FOCUS Step 3 Modelling Concept 
 
A general FOCUS Step 3 modelling concept is shown in Figure 2-6 (modified; FOCUS 2003) 
and explained in detail as follows: The user provides data of the chemical properties of a 
chosen substance together with the selected crop and application data into the database of 
the software shell SWASH. The user-interface combines three required models and a spray-
drift calculator to calculate the PECSW for the third assessment step. These three models, 
further described below, are PRZM (Pesticide Root Zone Model) for runoff inputs, MACRO 
for drainage inputs and TOXSWA (TOXic substances in Surface WAters) to calculate the 
subsequent fate of substances in surface waters. Substance losses via spray-drift are calcu-
lated using a drift calculator based on special drift tables.  
 
Figure 2-6: FOCUS Step 3 modelling concept  
 
PRZM calculates runoff and erosion loadings into surface water bodies for four of the Step 3 
FOCUS surface water scenarios (R1-R4). PRZM is a one-dimensional compartment model 
that can be used to simulate chemical movement in unsaturated soil systems within and im-
mediately below the root zone. In addition, lateral losses via runoff and erosion at the soil 
surface are calculated. Hydrology and chemical transport are the two major model compo-
nents. The MACRO model calculates drainage inputs into surface waters bodies for the six 
FOCUS drainage scenarios (D1-D6). The model is able to simulate pesticide losses through 
both macropore flow and bulk matrix flow and is applicable to the range of soil types included 
in the six drainage scenarios. The calculation of PECSW is performed with the third model, 
SWASH
PRZM
TOXSWA
MACRODrift calculator
Crop Selection, chemical properties 
and application data
Predicted Environmental
Concentration in surface waters 
(PECsw)
If drainage scenario If runoff scenario
Drainage results Runoff and erosion results
Drift results
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FOCUS TOXSWA. Three different water body systems, a pond, a stream and a ditch, are 
implemented in the FOCUS scenarios. Each water body is located adjacent to an agricultural 
field and allocated with specific hydrological properties. TOXSWA calculates pesticide con-
centrations in the water layer and in the sediment and considers the four processes 
transport, transformation, sorption and volatilization. 
TOXSWA uses the PRZM results for runoff, the MACRO results for drainage scenarios and 
the drift calculator results as input data for the calculation of the PECSW. A detailed descrip-
tion of the models and the underlying concepts can be found in the FOCUS surface water 
report (FOCUS 2003). 
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2.3.5 Time-Variable Exposure Patterns 
 
The FOCUS Step 3 exposure patterns are often characterized by repeated and intermittent 
inflow of pesticides over the whole simulation period. The height and duration of the expo-
sure peaks depends on the respective water bodies and the corresponding scenarios (see 
Figure 2-7 to Figure 2-9 as example). The water bodies with their properties have different 
flow velocities and residence times. The various scenarios include soil properties, different 
climate and weather conditions which are factors that influence the exposure profiles. Prop-
erties of the substance (e.g. sorption to soil, half-life in water and soil), the time of application 
and the selected crop culture can also have a large influence on the entry pattern of the sub-
stance. A short half-life of the compound in soil lowers the risk of a potential substance entry 
and also the peak declines more rapidly due to less substance availability. A long half-life 
can produce high peaks even after a long-term period. The time of an application relative to a 
rain event, which induces runoff or drain flow, can result in strongly different exposure pat-
terns. Rain events and a resulting increase of the water flow velocity will have an influence 
on the fate of the substance in the respective water body. Ponds for example, have only a 
relatively low flow velocity and higher residence times compared to other water bodies. This 
results in substance dynamics with slowly diminishing curves. Runoff events in a stream 
show a nearly contrary picture: the substance entry takes place in sharp, steep peaks, re-
leased by single rain and spray-drift events. The same entry scenario, but with different flow 
dynamics in the water bodies, can result in very diverse exposure profiles, likewise for differ-
ent scenarios with the same water body. 
The dynamics of the occurring exposure can be categorized into three basic types with char-
acteristic patterns. These basic types can be separated as follows: (1) permanent base con-
centration with repeated intermittent substance peaks; (2) sequences of sharp and steep 
substance peaks; and (3) a long-lasting substance dynamic with slowly diminishing curves. 
Example exposure patterns are given in Figure 2-7 to Figure 2-9. Drainage exposure pat-
terns in a ditch or stream are mostly characterized by a base load over the whole simulation 
period with intermittent substance peaks dependent on the application time as well as on drift 
and rain events. Runoff patterns in a ditch and a stream show short multiple pulses that are 
mainly driven by spray-drift, rain events and low residence times in the water bodies. Pond 
scenarios loaded by drainage, runoff or drift are characterized by low substance outflow and 
high residence times over the whole period of simulation.  
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Figure 2-7: FOCUS exposure pattern, drainage 
scenario, water body: ditch 
 
Figure 2-8: FOCUS exposure pattern, drainage 
scenario, water body: pond 
 
The figures illustrate typical model outputs 
from FOCUS TOXSWA calculations for three 
different water bodies and concentration 
dynamics over a long-term period. Figure 2-7 
presents a typical drainage scenario; for the 
whole simulation period, the substance 
enters the system entirely by drainage tiles. 
The pond scenario (Figure 2-8) is 
characterized by low substance outflow and 
high residence times. Figure 2-9 shows a 
runoff scenario with one application and high 
but short exposure peaks, released by rain 
events during the whole simulation period. 
 
 
Figure 2-9: FOCUS exposure pattern, runoff scenar-
io, water body: stream 
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2.4 Higher-Tier Risk Assessments 
2.4.1 Overview 
 
This chapter provides a brief introduction of possible options to address problems related to 
the standard risk assessment. Standard risk assessment frameworks for pesticides are con-
servative. The standard TER approach may lead to ‘over-conservative’ worst-case assump-
tions as it involves a safety-factor to cover general uncertainty on the one hand, and worst-
case exposure and toxicity assumptions on the other hand (EC 2002a). If the trigger values 
in the standard or ‘lower-tier’ risk assessment were not passed, additional steps can be taken 
into account to perform a refined and more realistic risk assessment. The registrant of the 
considered compound is responsible to show a safe use through the higher-tier risk assess-
ment.  
A first approach could be a reduction of the PEC values by a refined exposure modelling 
within FOCUS Step 4 (FOCUS 2003, 2007a and 2007b) or by the performance of more real-
istic fate studies to derive refined, substance-related input parameters for modelling purpos-
es (Campbell et al. 1999). In addition, an inclusion of more realistic study conditions is a pos-
sible higher tier step. Concentration-effect data applied to ecological standard risk assess-
ments usually originate from single-species toxicity tests measuring effects to individuals. 
However, populations, communities, and ecosystems are generally the entities to be protect-
ed (Newman and Unger 2003). In the higher-tier risk assessment these facts can be ad-
dressed by performing more detailed and more realistic experimental studies (Boxall et al. 
2001; EC 2002a). Single species tests with additional non-standard species (in order to de-
velop species sensitivity distributions) and flow-through experiments to provide a more realis-
tic exposure regime, or micro- or mesocosm experiments for evaluations on community level, 
are commonly considered refinement options. Mesocosms (artificial pond systems) and field 
studies constitute the top level in the higher-tier risk assessment. However, the experimental 
setup is expensive and the evaluation of the results is a very complex issue (Heimbach et al. 
1992). Mesocosms are sometimes the final chance to support the safety of a plant protection 
product, but the results cannot always deliver clear conclusions due to the complex interac-
tions that occur in these model ecosystems. Mesocosms as higher-tier test systems are dis-
cussed in more detail in the following chapter.  
A probabilistic way to support the aquatic risk assessment is the application of species sensi-
tivity distributions (SSD; Newman et al. 2000). The SSDs describe variations in compound-
related toxicity inside a group of species. Additional single species tests are necessary to 
generate required toxicity data. These data are fitted to a statistical model to obtain a distri-
bution of sensitivities between the species. A ‘safe’ or hazard concentration (HC) is derived 
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and a specific percentile of the distribution (e.g. the 5th percentile) reflects the level at which a 
harm of a small proportion of species can be expected. If the exposure concentration does 
not exceed the HC5, a protection of at least 95% (100-5%) of the species is anticipated.  
These approaches address an enhancement of the TER or a reduction of the TER trigger 
value. Several guidance documents describe these concepts in more detail (Campbell et al. 
1999; EC 2002a).  
Another higher-tier alternative is the performance of a landscape-level risk assessment (FO-
CUS 2007a and 2007b). This option includes the use of a geo-referenced exposure assess-
ment including data evaluations to identify hot-spots or point sources of active substances 
(Schad et al. 2007). Reinken and Moenter (2008) demonstrated the application of a land-
scape-based refinement of pesticide exposure in surface waters. 
The application of ecological models is an additional higher-tier option. Integration of ecologi-
cal modelling into the risk assessment has been discussed and promoted for the last years 
(Hommen and Ratte 1994; Ratte et al. 1994a and 1994b; Grimm and Railsback 2005). The 
ELINK and LEMTOX workshops stated ecological models as helpful and promising tools; in 
addition, guidance was formulated for a ‘good modelling practice’ and the requirements to 
improve the regulatory acceptance of ecological models were framed (Brock et al. 2007; 
Forbes et al. 2009). The increasing importance of these models has been practically under-
lined by the CREAM project, a Marie Curie Training Network funded by the EU (Grimm et al. 
2009). A more detailed description of ecological models, their advantages and potential ap-
plications is given in chapter 2.4.3. 
 
2.4.2 Mesocosms - Aquatic Model Ecosystems 
 
Mesocosm and field studies constitute the top level in the tiered risk assessment of pesti-
cides. A mesocosm is an aquatic model ecosystem (artificial pond systems): it is a reproduc-
tion of the environment as close to reality as possible. Mesocosm studies are optional in risk 
assessments if laboratory studies (lower- and higher-tier) indicate potential risks for the con-
sidered organisms (Kennedy et al. 1993; Boxall et al. 2001; EC 2002a). Heimbach et al. 
(1992) formulated the requirements of aquatic model ecosystems as follows: the system 
should contain all trophic levels with many compartments; the ecosystem structures and di-
versity of the organisms should be as similar to natural conditions as possible. In addition, 
the mesocosms should contain the relevant functional groups which form and characterize 
the actual ecosystem.  
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Technically, outdoor mesocosms typically consist of artificial pond systems with a given vol-
ume of natural surface water and natural sediment and naturally occurring aquatic organisms 
and plants. The most frequently used freshwater model ecosystems in pesticide risk as-
sessment are those that mimic shallow static freshwater habitats (Brock et al. 2007). Meso-
cosm studies can examine effects of pesticides on communities of organisms under simulat-
ed field conditions (EC 2002a) and are suitable for the assessment of direct and indirect ef-
fects on population- and community-level (Wellmann et al. 1998). Natural fluctuations in cli-
mate conditions additionally increase the level of field realism. In particular, they enhance the 
probability of recovery of some species by re-colonization.  
 
However, it is not possible to reflect everything in a mesocosm that happens in nature. It is 
important that the mesocosm studies lead to identifying target effect variables and critical 
concentrations, which are essential in most types of environmental consequence analyses. 
The exposure regime in a mesocosm is mostly based on a single application of a pesticide. 
Repeated applications are rarely used and form an exception to the design of most meso-
cosm studies (Heimbach 1991). Thus, an exact reproduction of a FOCUS time-variable ex-
posure pattern is not possible in a mesocosm facility. In order to address a more realistic 
exposure situation, it could be an option to select a more or less regular multiple exposure 
regime (e.g. weekly application) on the basis of the predicted exposure concentrations for the 
most relevant exposure scenario (Brock et al. 2007). 
 
A known and problematic issue related to the evaluation of mesocosm studies is the often 
high variability within the system. This implies that possible effects of a pesticide in compari-
son to the controls cannot be clearly assigned (Heimbach et al. 1992; Giddings et al. 2002). 
Large numbers of replicates are necessary to provide statistically significant differences, and 
this increases the expenses of this study type. Another criticizable issue is the lack of sound 
criteria for acceptability of effects in contrast to lower-tier studies (Hammers-Wirtz and 
Strauss 2006). 
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2.4.3 Models in Ecology and Risk Assessment 
 
Mathematical modelling is an applied science. Analogues of real systems are mathematically 
simulated. The model itself as a theoretical construct and the simulation results are used in 
many areas for research and for practical applications. On the one hand models support the 
building of a theory; on the other hand models allow the analysis of measured data in a way 
that would not be possible without simulations. However, modelling of a real system is cer-
tainly only a factual simplification of reality.  
 
In most areas where models are used, they can help to explain complex issues. Certain dan-
gerous processes in automobile development and crash testing can be predicted by simula-
tions or partly substituted by models (Schmitt et al. 2002; Ibitoye et al. 2006). Model predic-
tions for behavior of real systems (weather predictions, climate change or earthquake predic-
tions) can provide helpful information. Without models, an assessment of hazard or a risk 
analysis is hardly possible in many cases.  
 
Literature provides different approaches for the development of ecological models from the 
past to the present day (Jørgensen and Bendoricchio 2001). Twenty years ago, a trend was 
observable to develop large-scale and complex models that tend to reflect as many real pro-
cesses and interactions as possible. These models attempted to mimic reality as close as 
possible with a general applicability for a broad range of different uses. Nowadays, more 
simple models are requested which can answer specific questions and can be applied in a 
more target-oriented way for a special scope of use. The concept to develop a model as 
simple and transparent as possible, but also as detailed and complex as necessary, should 
be a basic principle for each model developer. 
 
The areas where ecological models play an important role and where experimental studies 
can be supported or partly substituted by models are increasing permanently. Models for 
environmental or ecological assessments are used at present in various areas e.g. fisheries 
(FAO 2007), water quality assessments (Kirchesch and Schöl 1999), eutrophication of lakes 
or rivers (Bowen and Hieronymus 2003), or geo-referenced data evaluation and forestry 
(DSE 2007). Ecological models in these areas are requested compulsorily by authorities. 
 
Simulation models are used with increasing frequency in the research and development area 
of Plant Protection Products. Lysimeter studies (Reinken 2004) as example, played a key 
role in leaching risk assessment and are nowadays almost completely substituted by math-
ematical modelling. Mass transport and fate processes and corresponding environmental 
concentrations of pesticides are calculated using different fate models, e.g. the FOCUS 
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models (FOCUS 2003). The use of these models in the risk assessment of plant protection 
products is mandatory and widely accepted by the authorities. The results of the model simu-
lations are used to assess the potential risk of pesticides for non-target organisms and the 
hazard in the endangered environment. 
Since years, models of ecosystems or subsystems which can answer questions in the risk 
assessment of pesticides, are receiving increasing interest (Pastorok et al. 2002). So far, the 
regulatory requested experiments in this area are not substituted by ecological models. The 
high complexity and interactions in biological systems imply a high uncertainty of the simu-
lated processes. Therefore, at present, the regulatory agencies did not clarify in detail in 
which cases or under which circumstances ecological modelling in the risk assessment of 
pesticides would be accepted. In many models the state of validation is not sufficient for the 
model’s purpose of application (Forbes et al. 2009). Many available ecological models are 
very complex and transparency and traceability of the simulated processes is not given. The 
sum of required input parameters needed for initialization of some models is high (Hipsey et 
al. 2007; US EPA 2006 and 2008; Litchman et al. 2006); parameter values are not measura-
ble in many cases or are very difficult to be determined. Sometimes, only estimations of pa-
rameter values are available or model parameters are mathematical constructs without eco-
logical meaning. The complexity and opacity of many models makes a potential acceptance 
in the risk assessment from the regulatory side more difficult. 
The demands for a “good modelling practice” during the development of a model are identi-
cal for each type of model (Grimm et al. 2006). Models with the purpose to address issues in 
hazard assessment for the environment need to be validated sufficiently. The implemented 
processes should be clear and transparent and the model should not have a gratuitous com-
plexity. The model should be well documented, should rely on a good data base and be in 
principle available for testing and peer review (Schäfer et al. 2009). Furthermore, the results 
need to be comprehensible, reproducible and the model should be properly validated. 
There are various model types in the field of ecological modelling that deal with diverse ap-
proaches to support the pesticide risk assessment. Different types of ecological models are 
e.g. deterministic simulation models to describe populations, individual-based models which 
simulate each individual with its own properties and mostly complex life cycles (Preuss et al. 
2009b; Vanoverbeke 2008; Van den Brink et al. 2007), statistical models (Van den Brink et 
al. 2002) or complex ecosystem models (US EPA 2008; Strauss 2009; Hipsey et al. 2007; 
Rinke and Rothhaupt 2008) for simulations of multiple trophic levels and interactions. The 
type of model to be developed and applied strongly depends on the purpose of the model 
and the type of questions to be answered (whether the model should be able to provide reli-
able predictions or should its main purpose only be the simulation of measured data).The 
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different types of models can be developed and deployed with the aim to address specific 
issues. Subjects of potential model applications are survival or recovery of individuals or 
populations after exposure to a chemical substance, re-colonization, uptake and elimination 
or bioaccumulation of pesticides (Ashauer et al. 2006a, 2006b, 2007a-c; Preuss et al. 2009b; 
Van den Brink et al. 2007). For instance, population models are commonly developed to 
simulate growth dynamics of populations influenced by external factors such as light, tem-
perature and the availability of resources or space. Models which also consider the effects of 
external stressors on the growth of populations (e.g. algae populations exposed to a herbi-
cide) can be used to predict the effects at population-level or recovery times (Weber 2006). 
Therefore, a verification and validation of such a model is necessary before an intended use 
in the regulatory risk assessments is adequate. 
The use of ecological models is a possible way to extrapolate effects from individuals to 
communities (Ratte et al. 1992 and 1994a; Forbes et al. 2008). They can be deployed for the 
extrapolation of mesocosm results or as supportive tools prior to mesocosm experiments (for 
planning purposes, or in order to possibly avoid this expensive type of study). However, not 
only extrapolations can be made, but also predictions of ecotoxicological experiments are 
possible. Several case studies were described where models can help to extrapolate from 
mesocosm results and to assess effects of pesticides at community level (Ratte et al. 1994b; 
Hommen 1998). Naito et al. (2002) showed the application of a complex ecosystem model; 
Van den Brink et al. (2007) applied an individual-based metapopulation model and Sowig 
and Schäfer (2007) used a simple population model in the risk assessment of pesticides. At 
present, the successful application of ecological models to support the registration of plant 
protection products is only known in a few cases (Brock et al. 2007; Forbes et al. 2009).  
Anyway, ecological modelling is a subject of increasing importance and should be consid-
ered as promising option in higher-tier risk assessments for pesticides. This, in turn, makes a 
more detailed research into the opportunities and limits necessary. 
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3. Problem Description 
 
The calculation of PECSW with the FOCUS models can result in complex exposure profiles of 
concentration dynamics with variable and multiple peaks over long-term periods, close to 
reality (Figure 3-1, see left picture). Ecotoxicological studies that are routinely performed dur-
ing the risk assessment of pesticides use simple assumptions based on conservative expo-
sure profiles (Figure 3-1, see right picture). Standard laboratory studies and even higher-tier 
mesocosm studies commonly use (or simulate) single or limited multiple drift inputs of a pes-
ticide. The comparison of these simple assumptions with the calculated pulsed exposure 
patterns is difficult. The interpretation of sequenced peaks with different height and duration 
is not clearly regulated by a guideline. Thus, recovery times of non-target organisms and 
long-term population-level effects after time-variable exposure are issues of increasing im-
portance that need to be addressed. 
 
Figure 3-1: Problem description scheme 
The left picture shows results of a typical FOCUS calculation of a drainage scenario and the right 
picture illustrates a simple exposure assumption with a single application in a mesocosm study. 
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In order to illustrate the problem in interpretation of time-variable exposure patterns, a 
FOCUS Step 3 calculation for a pesticide in a runoff scenario is presented in Figure 3-2. If 
we assume an ErC50 of 0.5 µg∙L-1 and a required safety margin of 10 for algae, the resulting 
regulatory acceptable or safe concentration would be 0.05 µg∙L-1. In our example, the safe 
concentration is exceeded frequently for chronic toxicity. This indicates the scenario as 
‘failed’ and the risk assessment step cannot be passed as safe. A safe use of the compound 
cannot be guaranteed based on the available standard toxicity data; this leads to a refined 
modelling as first additional step. In case a refined FOCUS Step 4 modelling cannot improve 
the results in a satisfying manner (e.g. in scenarios where maximum PECSW values are 
driven by drainage, mitigation measures using drift and/or runoff buffer would not be 
beneficial), additional options are possible. However, this would be a case-by-case decision 
and all further necessary steps (higher-tier laboratory experiments, species sensitivity 
distributions, mesocosm studies, population modelling or others) are situated in the higher-
tier risk assessment.  
 
Figure 3-2: FOCUS calculation for a pesticide in a runoff scenario  
Significant are the short sequenced peaks with different heights dependent on occurring rain events. The 
ErC50 of the substance is 0.5 µg∙L-1 and for a necessary TER=10, the regulatory-wise safe concentration 
would be 0.05 µg∙L-1. It is obvious that the safe concentration of 0.05 µg∙L-1 is frequently exceeded by the 
runoff peaks. 
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4. Objectives and Conceptual Approach 
4.1 Objectives 
 
One promising way to address the mentioned issues is the use of population models within 
the higher-tier risk assessment (Forbes et al. 2008), which in my opinion, should be used in 
close combination with ecotoxicological experiments. The requirements for models in risk 
assessment are discussed by the scientific community (Preuss et al. 2009a). Population 
modelling was explicitly mentioned as a helpful and promising option in pesticide risk as-
sessment by the ELINK and LEMTOX workshops (Brock et al. 2007; Forbes et al. 2009; 
Thorbek et al. 2009) and is now practically underlined by the CREAM project, a Marie Curie 
Training Network funded by the EU (Grimm et al. 2009). 
Several questions can be formulated in order to form objectives and to derive a conceptual 
approach for this work: 
• How to assess time-variable exposure patterns within the risk assessment of algae? 
• How to compare, for risk assessment purposes, simple exposure assumptions with 
complex exposure profile in a time-variable scale? 
• Is recovery of an algae population possible after pulsed exposure to pesticides? 
• Does time-variable exposure influence the sensitivity of the affected algae species? 
• Is it possible to predict effects of time-variable exposure on algae based on experi-
mental data, and what data is needed to fulfill any potential requirements? 
• Can algae population- and effect modelling help to support a risk assessment for al-
gae? 
• What kind of experimental setup is required and what type of simulation model is ap-
propriate to address these questions within the regulatory risk assessment?  
The following objectives were declared to address the above questions: 
• Definition of ecologically representative algae species and their most important physi-
ological properties 
• Selection of a herbicide that causes critical issues in the risk assessment 
• Investigation and evaluation of available ecological, ecotoxicological and environmen-
tal fate data for the selected algae species and the chosen herbicide 
• Calculation of the substance-related FOCUS exposure patterns 
• Performance of laboratory studies in order to close identified data gaps 
• Development of a simple, transparent and easily expandable algae population model 
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• Determination of the model parameter values by literature research, by evaluation of 
existing data sets or by performance of necessary experiments 
• Sensitivity analysis of the model 
• Definition, verification and validation of standardized parameter sets for the selected 
algae species 
• Performance of laboratory experiments to generate independent data sets for model 
verification and validation 
• Development of an appropriate experimental setup for the continuous cultivation of 
algae populations 
• Test of the suitability of the experimental system to assess effects of pulsed exposure 
on algae 
• Performance of experiments with algae populations exposed to the selected test sub-
stance in a time-variable scale 
• Simulation and prediction of the experimental data with the model 
• Evaluation of the results of the combined experimental / modelling approach in a reg-
ulatory context 
The objectives of the work are illustrated by the following figure: 
  
 
Figure 4-1: Conceptual approach 
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4.2 Conceptual Approach 
 
An important part of the present work aimed at the development, testing and application of 
such a model for algal populations. The model should be able to:  
1) describe the influence of environmental conditions (light, temperature and nutrients) 
on algae population growth  
2) reflect the effects of time-variable exposure of herbicides on different algae species.  
A model that is relatively simple and applicable for regulatory needs, as well as extendable 
towards more complex questions related to the biological reality, should own the following 
properties:  
1) All implemented model parameters should rely on ecological processes and should 
not be just fitting parameters resulting from mathematical constructs. 
2) All parameter values should be determinable by independent experiments. 
3) Data generated within the framework of a risk assessment for pesticides should be 
usable for model input, with no need for further studies. 
4) The user should be able to easily understand the simulated processes in the model 
and, by the simple composition of the model, transparency of the results should be 
given.  
5) As good as the model results may seem to be, a model is only as good as the data on 
which it is based; i.e. validation of a model must be a necessary step in the model de-
velopment and should be mandatory for an intended use under regulatory aspects. 
6) The model to be developed during this work should not only be usable and valid for a 
few isolated and specific cases. It should provide verification for its whole scope of 
application, based on a good foundation of independent data sets. 
To parameterize, test, verify and validate the model in order to allow an application without 
the need of fitting or optimization, suitable experimental data had to be generated. A choice 
of appropriate algae species as test organisms for the experimental work, and to be de-
scribed by the model, was one important topic. The algae species to be investigated during 
this work and subsequently being implemented in the model should cover the following spe-
cific aspects: 
• The species play a key role in aquatic ecosystems and are often abundant in meso-
cosms.  
• A full database of physiological properties and toxicity data is available for the select-
ed species or can be generated within this work. 
• The algae are easy to cultivate and usable under laboratory conditions 
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• Each species is representative for a taxonomic group with structural and functional 
importance in an aquatic biocenosis 
The attempt to address the aim of this work from the experimental side led to the develop-
ment and application of a flow-through system based on the chemostat principle for the con-
tinuous culture of algae. Therefore, the exposure of algae populations to a pesticide should 
be possible in a time-variable scale. It appeared advantageous that chemostats are self-
regulating systems and no external interference is needed to operate the chemostats in a 
stable manner. In contrast to static experiments, it is possible to observe both the inhibition of 
algae growth directly as visible loss of biomass and the recovery of populations by re-
establishing a steady-state condition in the system. The applicability of experimental flow-
through systems for algae as higher-tier tools in pesticide risk assessment was investigated 
frequently (Aoyama and Okamura 1993; Wong et al. 1983; Dobbs et al. 1996). However, 
while pulsed exposure effects of herbicides on algae were evaluated under static conditions 
(Vallotton et al. 2008a-c, 2009) or flow-through systems were used to assess the effects of 
toxicants on algae (Halling-Sørensen et al. 1997; Grade et al. 2000; Hall et al. 1989), no 
combined use of such higher-tier systems together with model predictions, was reported in 
literature yet.  
This work covers the development of a specific algae population model with all necessary 
experimental work as well as the construction, testing and application of a flow-through sys-
tem, in close combination with the modelling approach. Questions of recovery-times after 
pulsed herbicide exposure, and of a potentially altered sensitivity of the algae to the pesti-
cide, will be discussed and addressed in this context. Furthermore, the usability of the exper-
imental / modelling approach in risk assessments for algae will be assessed based on the 
results.  
I am sure that this work will increase the potential acceptability for ecological models in the 
pesticide risk assessment by presenting promising new approaches to assess effects of 
time-variable exposure on aquatic non-target organisms.  
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5. Material and Methods 
5.1 Test Organisms 
5.1.1 Selection of Algae Species 
 
The selected species constitute taxonomic groups in aquatic ecosystems with structural and 
functional importance, particularly with regard to their abundance in artificial pond systems, 
such as mesocosms, which are relevant in the higher-tier risk assessment (Fred Heimbach, 
Hans Toni Ratte, Tido Strauss and Michael Dorgerloh, personal communication, September 
2006). Species of Scenedesmus / Desmodesmus, Selenastrum / Pseudokirchneriella, Chla-
mydomonas and Cryptomonas are often abundant in mesocosms and play an important role 
within their natural trophic level, also with regard to interspecific competition. So, effects of 
pesticides on one or more of these species can have a strong direct or indirect influence on 
the community in a natural aquatic ecosystem and should be considered in a model. There-
fore, an extrapolation of effects on single species to effects on community-level could be 
considered by the model. 
Desmodesmus subspicatus and Pseudokirchneriella subcapitata are most commonly used 
as biomonitors to assess the levels of nutrients or toxicants in freshwater environments. The 
species are quite sensitive to the presence of toxins and can alert researchers to subtle 
changes in water conditions before a problem becomes excessive (CC 2002). Both are rele-
vant standard test organisms in ecotoxicological testing within the risk assessment of pesti-
cides (OECD 2006). A large database of detailed toxicity and physiological data existed at 
Bayer CropScience AG and RWTH Aachen University and was accessible for this work. In 
addition, one flagellated green algae, Chlamydomonas terricola, and one Cryptomonad, 
Cryptomonas pyrenoidifera were selected as test organisms. Species of Chlamydomonas 
and Cryptomonas are investigated and reported in literature as model organisms for e.g. ge-
netic and cell biology studies (Hoef-Emden and Archibald 2008; Véber et al. 1982; Tetík and 
Nečas 1979). Easy cultivation and usability under laboratory conditions was also an im-
portant aspect for the selection of the algae species. The experimental part of this work was 
intensive and therefore, it was important to ensure an easy and permanent cultivation as well 
as an uncomplicated handling. 
In total, four different algae species were selected. Each of them fulfills the defined criteria 
and can be also used as a food source for zooplankton that is fed to fish in freshwater aqua-
culture. This may be relevant for model extensions to higher trophic levels. 
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The following four algae strains were permanently cultivated during this work and used as 
test organisms: 
• Desmodesmus subspicatus4 formerly named Scenedesmus subspicatus; strain SAG 
86.81; Chlorophyceae; (Chodat) Hegewald et Schmidt, (EPSAG 2007) 
• Pseudokirchneriella subcapitata4 formerly named Selenastrum capricornutum; strain 
ATCC 22662 SAG 61.81; Chlorophyceae; (Korshikov) Hindák, (EPSAG 2007)  
• Chlamydomonas terricola5, formerly named Chlamydomonas geitleri Ettl; strain 
CCAC 0041 Chlamydomonas cf. terricola Gerloff, Chlorophyceae, (CCAC 2007)  
• Cryptomonas pyrenoidifera5, strain CCAC 0030 Cryptomonas pyrenoidifera Geitler; 
Cryptophyceae, (CCAC 2007)  
 
                                               
4 Collection of Algal Cultures; Institute for Plant Physiology; University of Goettingen; Nikolausberger Weg 18; 
37077 Goettingen; Germany 
5 Culture Collection of Algae at the University of Cologne, Botanisches Institut/Lehrstuhl I, Universität zu Köln, 
Gyrhofstraße 15, 50931 Köln, Germany 
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5.1.2 D. subspicatus 
 
D. subspicatus is a unicellular, oval, mostly single-celled amotile green algae species, found 
with freshwater plankton communities or in soil as a natural habitat. (Table 5-1 and Figure 
5-1; CCALA 2009)  It is one of the standard laboratory organisms in ecotoxicological testing 
due to its ubiquity and ease of cultivation for test purposes (OECD 2006). D. subspicatus has 
the tendency to form cell colonies under suboptimal growth conditions (Lürling and Van Donk 
1996 and 2000). Under laboratory conditions (potential optimal growth conditions) it appears 
as single cells. Grazer-induced protective mechanisms and morphology changes, induced by 
infochemicals released from zooplankton grazers, have been reported (Hessen and Van 
Donk 1993; Lürling and Van Donk 1997). Like other non-flagellated green algae, the repro-
duction is vegetative via cell division. The cells have a length of 7-15 µm and a width of 3-12 
µm with a cell volume of 60-80 µm³∙cell-1. The most frequently observed growth rates in 
OECD 201 culture medium, at light intensity ~70 μE∙m-2∙s-1 at 21°C, are 1.2-1.5 d-1 (OECD 
2006). During the risk assessments for plant protection products D. subspicatus is used as 
reference test organism for different types of growth inhibition studies and also as food 
source for Daphnia. 
 
Figure 5-1: Pictures of D. subspicatus  
 
Table 5-1: Phylum of Desmodesmus 
Kingdom: Plantae 
Division: Chlorophyta 
Class: Chlorophyceae 
Order: Chlorococcales 
Family: Scenedamaceae Oltmanns, 1904 
Genus: Desmodesmus (Scenedesmus) 
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5.1.3 P. subcapitata 
 
P. subcapitata is a unicellular, amotile green algae species (Table 5-2 and Figure 5-2; pic-
tures from CCALA 2009; NIES 2009). It has crescent-shaped or sickle-shaped cells that are 
longer than broad and strongly curved or twisted. The genus can form non-mucilaginous col-
onies from clusters of 4, 8, or 16 cells that are not intertwined and are instead arranged with 
their convex sides facing each other. Each cell has a single parietal chloroplast, often with 
pyrenoids. The cells of P. subcapitata may vary in morphology (CC 2002). The cells have a 
length of 8-14 µm and a width of 2-3 µm with a cell volume of 40-60 µm³∙cell-1. The most fre-
quently observed growth rates in OECD 201 culture medium, at light intensity ~70 μE∙m-2∙s-1 
at 21 °C, are 1.5-1.7 d-1 (OECD 2006). Like D. subspicatus, P. subcapitata is one of the 
standard reference laboratory organisms in ecotoxicological testing within the risk assess-
ment of pesticides. Due to its advantages of easy cultivation and low sensitivity to environ-
mental changes, it commonly is used as food source for Daphnia. 
 
 
Figure 5-2: Pictures of P. subcapitata 
 
Table 5-2: Phylum of Selenastrum 
Kingdom: Plantae 
Division: Chlorophyta 
Class: Chlorophyceae 
Order: Sphaeropleales 
Family: Selenastraceae 
Genus: Selenastrum 
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5.1.4 C. terricola 
 
C. terricola is a unicellular, flagellated genus of green algae (Chlorophyta, Table 5-3). Pic-
tures of Chlamydomonas cells are presented in Figure 5-3 (Schönfelder 2009). These algae 
cells are highly adaptable and can live in many different environments throughout the world 
(McCombie 1960; Nečas 1982). Although normally deriving energy from photosynthesis, with 
an alternative carbon source Chlamydomonas spec. can also thrive in total darkness. The 
relative adaptability and quick generation time has made Chlamydomonas an important 
model for biological research (Véber et al. 1982; Sulek 1997; Harris 2001; Caprette 2005). 
Over the years, studies of Chlamydomonas have provided major research contributions in 
the areas of photosynthesis and molecular biology, especially studies of flagellar motility and 
chloroplast dynamics, biogenesis, and genetics (NSF 2009). One of the many striking fea-
tures of Chlamydomonas is that it contains ion channels that are directly activated by light, 
such as channelrhodopsin. Due to its variety of habitat selection Chlamydomonas is also 
often abundant in outdoor mesocosm enclosures. These artificial pond systems are quite 
similar to field ponds and show Chlamydomonas as one of the most important species that 
own a key role in plankton communities (Fred Heimbach, Hans Toni Ratte and Tido Strauss, 
personal communication, October 2006).  
 
Figure 5-3: Pictures of Chlamydomonas spec. 
 
Table 5-3: Phylum of Chlamydomonas 
Kingdom: Plantae 
Division: Chlorophyta 
Class: Chlorophyceae 
Order: Volvocales 
Family: Chlamydomonadaceae 
Genus: Chlamydomonas (Ehrenberg) 
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Typically, the single-cell body is approximately spherical, about 20 µm across, with a cell wall 
surrounding the cytoplasm and a central nucleus. Two filaments of cytoplasm, flagella, ex-
tend from one end, and their whip-like lashings pull the Chlamydomonas through the water 
and rotate it at the same time (NSF 2009; Streble and Krauter 2006). A single, cup-shaped 
chloroplast occupies the greater part of the cell. In this chloroplast is a protein region called a 
pyrenoid, which is involved in starch production and might be surrounded by starch granules. 
A region of cytoplasm near the origin of the flagella is sensitive to light, and associated with 
this is a red pigment spot whose shadow, when cast on the sensitive area, is thought to 
cause turning movements of the Chlamydomonas and so bring it into the region where the 
intensity of the light is most suitable for it. In this anterior region are two spherical vacuoles 
which swell and collapse alternately. These contractile vacuoles are concerned with the ex-
pulsion of excess water absorbed by osmosis (Mackean 2007). The cell and life cycle is illus-
trated in the following figure (Westerdahl 2008): 
 
Figure 5-4: Cell and life cycle of Chlamydomonas spec. 
 
C. terricola zoospores are haploid flagellated cells. As long as conditions are favorable, these 
cells reproduce asexually. As many as sixteen may form by mitosis with a parent cell. 
Daughter cells escape when the cell wall ruptures. When conditions become less favorable, 
the asexually produced cells develop into gametes. There are two different mating types. 
When gametes of different mating types meet, they first undergo cytoplasmic, then nuclear 
fusion. The product of this sexual reproduction is a diploid zygote. The zygote losses its fla-
gella and develops a thick cell wall that enables it to survive adverse conditions. When the 
zygote terminates and undergoes meiosis, it produces four haploid zoospores. They repro-
duce asexually until conditions change once again (Tetík and Nečas 1979). 
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5.1.5 C. pyrenoidifera 
 
Cryptomonas is the name-giving genus of the cryptomonads (Table 5-4 and Figure 5-5; NIES 
2009; University of Tsukuba 2009). It is common in freshwater habitats and often forms 
blooms in greater depths of lakes, or during winter beneath the ice. The cells are usually 
brownish in color, and have a slit-like furrow at the anterior (Hoef-Emden and Archibald 
2008). They are not known to produce any toxins and are used to feed small zooplankton, 
which is the food source for small fish in fish farming. Most cryptomonads are photosynthetic 
(and are thus referred to as cryptophytes) and possess plastids that are very diverse in pig-
mentation (Hoef-Emden and Archibald 2008). This family is often abundant in mesocosm 
experiments, indicative of its important role as key species in ecosystems (Grünwald 2003; 
Weidendorfer 2008). An illustration on the morphology is provided in Figure 5-6. Crypto-
phytes have asymmetric cell shapes and colored plastids that can be identified easily by light 
microscopy. The cells propel themselves through the water with two unequal flagella. One 
flagellum, usually the longer one, is supplied with two opposite rows of flagellar hairs. The 
asymmetric insertion of the flagella causes an unbalanced rotating around the longitudinal 
axis while swimming. The larger the cells and the more the cells are dorsally or ventrally 
bent, the more expressed is this “swaying” (Hoef-Emden and Archibald 2008). 
 
Figure 5-5: Pictures of Cryptomonas spec. 
 
Table 5-4: Phylum of Cryptomonas 
Kingdom: Chromalveolate 
Division: Cryptophyta 
Class: Cryptophyceae 
Order: Cryptomonadales 
Family: Cryptomonadaceae 
Genus: Cryptomonas geitleri 
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Cryptophytes are not surrounded by a cell wall, like other plant cells, but by a periplast. This 
is a sandwich-layered structure consisting of a proteinaceous inner periplast and surface 
periplast component with the plasma membrane in between. More detailed information can 
be found on the webpage of the “Tree of Life web project” (Hoef-Emden and Archibald 2008).  
 
 
 
Figure 5-6: Cell morphology of Cryptomonas spec. 
 
 
Cryptomonas species migrate in a daily rhythm in the water column of freshwater lakes from 
the chemocline close to the anaerobic bottom layer up to the epilimnion (Hoef-Emden and 
Archibald 2008). It has been hypothesized that this migration may either be a strategy to cir-
cumvent contact with predators or a way for the Cryptomonas cells to take advantage of the 
nutrients available in deep waters and then return to the nutrient-depleted but light-flooded 
epilimnion for photosynthesis (Hoef-Emden and Archibald 2008; Salonen et al. 1984). The 
formation of palmella, i.e. flocks of flagellated cells embedded in mucus, probably serves as 
a protection against predators. Cryptomonas cells, and perhaps also other cryptophytes, can 
produce globular thick-walled cysts as resting stages to survive unfavorable environmental 
conditions (Lichtlé 1979). 
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5.1.6 Culture Conditions 
 
The precondition for a successful isolation and cultivation of individual algae species are ad-
equate nutrient solutions or culture media. One can choose between a large numbers of ap-
proved semi- or full-synthetic nutrient solutions. According to requirements and aim of an 
algae culture, different nutrient concentrations can be optimal. Frequently, a fast growth of an 
algae culture and a higher growth rate can be observed during the first culture days at low N 
and P concentration. In contrast, a higher yield and a longer lifetime of a culture are achieved 
at higher nutrient concentrations (Kohl and Nicklisch 1988). In this context, one need refer to 
the great success of the soil-water culture for pure cultivation of unknown species or species 
that are difficult to handle. Pringsheim construes this success at least partially due to ion ad-
sorption to the soil extract (Pringsheim 1946). The ions are present in hyper-optimal concen-
trations and are constantly supplied according to the consumption by the algae. Thus, opti-
mal nutrient concentrations can be supported over a longer time period (Kohl and Nicklisch 
1988). 
For this work two flagellated algae species, C. terricola and C. pyrenoidifera, were selected 
beside the standard test algae, D. subspicatus and P. subcapitata, due to their attributed key 
role as functional groups (Lampert and Sommer 1999) in aquatic ecosystems and their 
common abundance in mesocosms. 
At the beginning of this project, experience in cultivation of C. terricola and C. pyrenoidifera 
was lacking at RWTH University. Therefore, it was necessary to perform laboratory tests to 
obtain an optimum nutrient medium for these species in order to secure stock culturing and 
the accomplishment of the planned laboratory experiments for this work. Both strains of 
C. terricola and C. pyrenoidifera were provided by the Institute of Phycology at the University 
of Cologne. This Institute has a great deal of knowledge about permanent cultivation of non-
characterized algae species and recommended the WARIS-H nutrient medium as favorable. 
This medium represents a typical soil-extract medium (McFadden and Melkonian 1986). 
KUHL nutrient medium (Kuhl and Lorenzen 1964) was used for permanent cultivation of D. 
subspicatus and P. subcapitata. This medium has been used for many years at RWTH Uni-
versity with great success for mass cultivation of D. subspicatus.  
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5.1.7 Stock Cultivation 
 
Stock cultures of D. subspicatus and P. subcapitata were maintained using growth media 
according to KUHL and OECD 201 (11.4.3 and 11.4.1) under constant illumination of 50 
µE m-2s-1 and a temperature of 23 ± 2 °C. The CO2 level of the media was maintained by 
aerating the culture vessels with sterile air or by using a rotation shaker at 100 rpm. 200 µL 
of a 7-9 days old stock-culture was transferred into 250 mL cotton-plugged Erlenmeyer flasks 
containing 100 mL of nutrient medium (KUHL) once every 1-2 weeks. Static and flow-through 
tests within this work were performed using culture media according to the OECD 201 guide-
line (OECD 2006). Environmental conditions and modifications of the media or test designs 
are described in detail for each test. All operations were conducted under sterile conditions to 
handle an axenic algae culture. D. subspicatus and P. subcapitata are standard test algae for 
ecotoxicological testing and are also well investigated throughout the literature, so that basic 
research about optimal growth conditions was not considered necessary.  
Permanent cultivation of C. terricola and C. pyrenoidifera was performed using WARIS-H 
culture medium. Both species were held in 100 mL Erlenmeyer flasks under constant illumi-
nation of 5-20 µE m-2s-1 and constant temperature of 15°C. 200 µL of 4-week old stock cul-
tures was transferred into 100 mL cotton-plugged Erlenmeyer flasks containing 50 mL of nu-
trient medium once every 4-6 weeks. 
In order to determine the physiological properties of the species, different growth tests were 
performed with variations of the original growth medium in line with the experimental aims. 
For each test, changes to the original recipe are described in the corresponding chapters. 
For the various tests, the three growth media were tested for optimal cultivation conditions for 
C. terricola and C. pyrenoidifera, but WARIS-H was chosen as the favorable one. Growth 
inhibition tests with these species were performed according to the OECD 201 guideline, but 
using the culture medium WARIS-H. The recipes for OECD 201, KUHL and WARIS-H culture 
media are described in chapter 11.1. 
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5.1.8 Rating Curves 
 
The rating curves for extinction vs. cell numbers for the four tested algae species are provid-
ed in Figure 5-7 to Figure 5-10. Samples were taken from exponentially growing cultures. A 
geometric concentration series was prepared with a dilution range from 1:0, 1:1, 1:2, 1:4, 1:6, 
1:8, 1:12. Each concentration aliquot was counted four times using a Thoma© counting 
chamber. The corresponding extinction was measured by using a photometer. Wavelengths 
were 578 nm for D. subspicatus and P. subcapitata, 720 nm for C. terricola and 680 nm for 
C. pyrenoidifera. 
 
Figure 5-7: Rating curve D. subspicatus 
 
Figure 5-8: Rating curve P. subcapitata 
 
Figure 5-9: Rating curve C. terricola 
 
Figure 5-10: Rating curve C. pyrenoidifera 
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5.2 Test Substances 
5.2.1 Isoproturon 
 
The phenylurea herbicide isoproturon (Table 5-5) was chosen as test substance. Isoproturon 
(common name, ISO standard 1750) is mainly used against weeds in cereals. Uptake occurs 
mainly via the roots. After uptake by roots an acropetal translocation in the xylem is visible 
into leaves and the apical meristem (Litz et al. 2004). Its mode of action is inhibition of the 
photosynthesis (PS II inhibition). Isoproturon is hydrolytically stable, but is biologically de-
graded in aquatic systems with a mean half-life of 42 days (20 to 61 days; EC 2002b). This 
was confirmed in microcosm studies, where a half-life of 15 to 35 days was observed (Merlin 
et al. 2002). No bioaccumulation would be expected due to a low octanol-water partition co-
efficient (logPow=2.5) and a moderate Bio-Concentration Factor (BCF) of 2.6-3.6 for fish 
(Hillenbrand et al. 2006). More details on isoproturon can be found in the Review Report of 
the European Commission (EC 2002b). 
 
Table 5-5: Physico-chemical properties of isoproturon 
Common name (ISO) Isoproturon 
Chemical name (IUPAC) 3-(4-isopropylphenyl)-1,1-dimethylurea 
CAS No 34123-59-6 
Molecular formula C12H18N2O 
Molecular mass 206.3 g·mol-1  
Structural formula 
 
Vapour pressure 2.8-8.1∙10-6 Pa at 20°C 
Solubility in water 70.2 mg·L-1, no pH dependency 
 
 
Preparation and use in experiments 
 
The test compound isoproturon was provided by Bayer CropScience AG with a purity of 
99.8% as technical substance. Stock solutions were prepared as follows: For preparation of 
the test solutions, 32 mg (static 72 h growth inhibition tests) or 20.7 mg (flow-through tests) 
of isoproturon was dissolved in 1000 mL nutrient medium, brought into an ultrasonic bath for 
1 hour and then stirred for 6 hours at 60°C. The solution was cooled down and an appropri-
ate volume was dosed into the nutrient medium in order reach the nominal concentration. For 
a realization of peak exposure with desired concentrations in the flow-through experiments, 
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the test substance was manually applied directly into the reactors. Constant exposure peri-
ods were put into practice as follows: a 5 L opaque glass vessel was filled with 4.5 L of fresh-
ly prepared nutrient medium containing 160 µg∙L-1 dissolved isoproturon and was used as 
nutrient reservoir. After application of the test substance, the nutrient reservoir, containing 
isoproturon, was connected to the reactors for the duration of the constant exposure periods. 
After the end of the constant exposure, the regular nutrient reservoir was reconnected to the 
flow-through system.  
The chemical analysis of isoproturon was performed with HPLC UV by the Institute for Resi-
dues, Operator and Consumer Safety (ROCS) at Bayer CropScience AG, only for the flow-
through experiments. 
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5.2.2 3,5-dichlorophenol 
 
3,5-dichorophenol is used as reference substance for algae testing (ISO 2002; Pattard et al. 
2006; Zagorc-Končan et al. 2002) and was selected as test substance for a flow-through ex-
periment. Inter-laboratory tests (ISO 2002) provided a mean ErC50 of 6.42±2.38mg∙L-1 for D. 
subspicatus. Rand (1995) reported a range of 1-5.5 mg∙L-1 and Zagorc-Končan et al. (2002) 
provided a value of 2.8 mg∙L-1 for D. subspicatus, respectively. A conservative value of 
2±1 mg∙L-1 with a slope of 3 at ErC50 was assumed for modelling purposes, due that no 
standard growth inhibition test with 3,5-dichlorophenol was performed during this work. The 
physical and chemical properties are shown in the following table (IPCS 2005): 
 
Table 5-6: Physico-chemical properties of 3,5-dichlorophenol 
Common name (ISO) 3,5-dichlorophenol 
Chemical name (IUPAC) 1-Hydroxy-3,5-dichlorobenzene  
CAS No 591-35-5 
Molecular formula C6H4Cl2O 
Molecular mass 163 g·mol-1  
Structural formula 
 
Melting point 68 °C 
Boiling point 100.9 kPa: 233°C 
Vapour pressure Pa at 25°C: 1 
Solubility in water 0.54 g∙100 mL at 25°C (poor) 
 
Preparation and use in experiments 
 
The test compound 3,5-dichorophenol was provided by Bayer CropScience AG with a purity 
of 98% as technical substance. Stock solutions were prepared as follows. For preparation of 
the test solution for the flow-through experiment (main test 1) 30 mg of 3,5-dichlorophenol 
was dissolved in 1000 mL nutrient medium, brought into an ultrasonic bath for 3 hours and 
then stirred for 3 hours at 60°C. Exposure profiles in the flow-through experiment were real-
ized according to the scheme for isoproturon. Periods of constant exposure were produced in 
the same way as for isoproturon but with a 2 L opaque glass vessel, filled with 1.5 L of fresh-
ly prepared nutrient medium containing 6.4 mg∙L-1 dissolved 3,5-dichlorophenol. 
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5.3 Static Algae Tests 
5.3.1 Growth Conditions 
5.3.1.1 Background, Principle and Aim 
 
The size of a population is influenced 
by different ecological factors (Gause 
1931). The growth of algae is directly 
affected by their environment. Light, 
temperature, water quality and the 
availability of nutrients have tremen-
dous impacts on algae growth and 
health (Eppley 1972; Lampert and 
Sommer 1999). There are significant 
variations of light, temperature and 
nutrient availability, both during the 
day and during the year which influ-
ences algae growth (Figure 5-11; FO-
CUS 2003). Algae blooms in spring 
and autumn are typical examples (Hu-
ber and Adrian 2008). Even the shade of a single cloud can have a measurable short-term 
effect on the growth rate of algae (Neale et al. 1998; Pahlow 2005).  
Laboratory experiments with algae are commonly performed at constant light and tempera-
ture. In addition, most nutrient media have the purpose to guarantee an optimum growth over 
a certain limited period. The optimum growth conditions and medium requirements for both 
standard test algae D. subspicatus and P. subcapitata are known adequately. Within this 
work, laboratory tests with these species were performed with nutrient medium according to 
the OECD 201 guideline (OECD 2006). This medium is designed to ensure exponential 
growth for these algae over 3 days, the test duration of a growth inhibition study. The growth 
experiments with D. subspicatus were performed in order to investigate algae to sustain a 
starving phase. By addition of phosphate during a starving phase, the ability to re-start 
growth was investigated. The data was used for a verification of the algae model to describe 
general growth behavior including responses to nutrient pulses. 
At the beginning of this work, no optimal growth medium had been determined for C. terricola 
and C. pyrenoidifera. Laboratory experiments with both species were performed to investi-
gate algae growth in three different nutrient media. These tests allowed the determination of 
 
Figure 5-11: Annual dynamics of light and temperature 
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the optimal growth medium. This medium was further on used for all required tests within this 
work.  
Additional experiments with variations in light and temperature were carried out in order to 
investigate the influence of these environmental conditions on algae population growth. The 
experimental data were used to intensively examine the conformance of ascertained litera-
ture values of optimum light and temperature for algae growth. 
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5.3.1.2 Preparation and Setup 
 
A total of nineteen growth tests were performed. Ten experiments with D. subspicatus using 
OECD 201 medium were done; partly modified in the content of phosphorus as follows: test 
1-5 and 9 were performed with OECD 201 medium without P. Test 2 was additionally spiked 
with 0.18 mg P∙L-1 at day 10. Medium for test 8 was prepared with 0.72 mg P∙L-1; the 2 × 
concentration of P. Test 10 was performed with 0.18 mg P∙L-1, the ½ × concentration of P in 
the OECD medium. The test duration was 17 days in order to observe a starvation of the 
algae populations. Tests were performed using constant illumination of ~92±10 µE∙m-2∙s-1 at 
21±1°C. Nine growth tests were performed for C. terricola and C. pyrenoidifera, respectively. 
Six tests (labeled test 4-9) were done with constant environmental conditions using three 
different growth media, WARIS-H, OECD 201 and KUHL. Three tests for each species (la-
beled test 1-3) were done with WARIS-H culture medium and with slightly varied environ-
mental conditions. Test duration was 10 days (test 1-3) and 4 days (test 4-9).Test 1 was per-
formed with constant illumination of 52±10 µE∙m-2∙s-1 at 20°C, test 2 with 28±10 µE∙m-2∙s-1 at 
20°C and test 3 with 28±10 µE∙m-2∙s-1 at 15°C. Test 4-9 were done at constant light and tem-
perature of 92±10 µE∙m-2∙s-1 at 21±1°C. Pre-cultures of algae were prepared 3-4 days prior to 
test start and nutrient medium was freshly prepared before start of the experiments. The test 
vessels (250 mL or 100mL-Erlenmeyer flasks, 3 replicates each) were filled with 100 mL or 
50 mL nutrient medium, labeled with the study start date and series number, inoculated with 
the algae cells, sealed with cellulose plugs and placed in a growth chamber. The surrogate 
for algae biomass was cell density, determined on specified sampling days by measuring the 
optical density using a rating curve described in chapter 5.1.8. An overview of the performed 
capacity tests is given in Table 5-7. 
Table 5-7: Overview of performed growth condition experiments 
Test Species Duration 
(d) 
Inoculated cell 
density 
(cells∙mL-1) 
Light intensity 
(µE∙m-2∙s-1) 
Temperature 
(°C) 
P in medium 
(mg P∙L-1) 
1-5, 9 D. subspicatus 17 1·104 92±10 21±1 0 
2 D. subspicatus 17 1·104 92±10 21±1 0, 0.18 at day 10 
6-7 D. subspicatus 17 1·104 92±10 21±1 0.36 
8 D. subspicatus 17 1·104 92±10 21±1 0.72 
10 D. subspicatus 17 1·104 92±10 21±1 0.18 
1-3 C. terricola, C. pyrenoidifera 10 1·104 52±10 20±1 4.69 
1-3 C. terricola, C. pyrenoidifera 10 1·104 28±10 20±1 4.69 
1-3 C. terricola, C. pyrenoidifera 10 1·104 28±10 15±1 4.69 
4-5 C. terricola, C. pyrenoidifera 4 1·104 92±10 21±1 0.36 (OECD) 
6-7 C. terricola, C. pyrenoidifera 4 1·104 92±10 21±1 4.69 (WARIS-H) 
8-9 C. terricola, C. pyrenoidifera 4 1·104 92±10 21±1 139.36 (KUHL) 
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5.3.2 Capacity 
5.3.2.1 Background, Principle and Aim 
 
Resource limitation for algae populations can be investigated using static or continuous al-
gae cultures as subject of study (Lampert and Sommer 1999). A static or batch algae culture 
is set up by inoculating with a small amount of algae cells into a growth medium containing a 
certain amount of nutrients. After inoculation, no additional nutrients are supplied. After a 
short lag phase the population starts to grow exponentially. As long as the limiting resource 
(nutrients) is adequately available, the population increases with its maximum growth rate 
(Lang and Brown 1981). During this phase, surplus nutrients are stored in the cells (luxury 
consumption). With the nutrient consumption of an increasing number of algae cells in a 
population, the concentration of available nutrients decreases. The population increase is no 
more possible by uptake of the limiting nutrient but by use of internally stored nutrients in the 
cells.  
The further growth of the population leads to a reduction of the nutrient concentration stored 
in the cells (internal cell quota). This reduction leads to a decrease of the growth rate until the 
minimum nutrient level in the cell is reached and no more population increase takes place 
(Nyholm 1977). This condition is defined as a stationary phase (Lampert and Sommer 1999) 
and the population size reached its maximum capacity. In this phase nutrients are supplied 
by remineralization of dead algae cells and the number of new grown algae cells is equal to 
the mortality of the population. The amount of remineralised nutrients is sufficient to maintain 
the population level. The population level in this equilibrium (steady-state) can be stated as 
population- or carrying-capacity of the system (Furbish 2007). The population growth rate 
can be expressed as function of the cell quota (see 6.2.5; Jørgensen and Bendoricchio 2001; 
Brown and Harris 1978).  A cell quota approach suggested in Jørgensen and Bendoricchio 
(2001) and Kohl and Nicklisch (1988) was investigated and used for the model development 
(see chapter 6.2 for details).  
Figure 5-12 illustrates growth dynamics of algae populations; the asymptotic behavior of the 
cell quota model is presented in Figure 5-13. The different phases of the growth dynamics 
are explained in chapter 5.5 in more detail. 
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Figure 5-12: Algae population growth dynamics 
 
Figure 5-13: Asymptotic behavior of the cell quota 
model 
 
The size of a population depends on available resources, space and environmental factors 
(Gause, 1931 and 1932). Therefore, data about the population capacity at given amounts of 
nutrients are important for a validation of the algae model. In order to meet that requirement, 
long-term algae growth experiments were performed, further on called capacity tests. Addi-
tionally, different light and temperature conditions were tested in order to determine long-
term growth dynamics at optimal and suboptimal environmental conditions. The results were 
used to generate and confirm nutrient-related parameter values and values of population 
capacities. Independent experimental data were used to verify and validate the algae model 
for a reliable prediction of long-term population dynamics. 
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5.3.2.2 Preparation and Setup 
 
Twenty-eight capacity tests were performed, seven for each of the four algae species. The 
test duration ranged between 14 and 37 days in order to observe a growth starvation of the 
populations after reaching the maximal cell density and population capacity. The experiments 
with D. subspicatus and P. subcapitata were performed using nutrient medium according to 
the OECD 201 guideline. Experiments with C. terricola and C. pyrenoidifera were conducted 
using WARIS-H culture medium. The tests were performed with a constant illumination of 20, 
40 and 76±10 µE∙m-2∙s-1 at 24°C. An overview is given in Table 5-8. Stock cultures were pre-
pared as described in chapter 5.1.7. The nutrient media were freshly prepared prior to test 
start and according to the recipes (described in chapter 11.1). In order to ensure exponential 
growth of the algae used as inoculum, exponentially grown pre-cultures were cultivated 3-4 
days prior to test start with the same culture conditions as used for the main test. The test 
vessels (250 mL-Erlenmeyer flasks, three replicates each) were filled with 100 mL nutrient 
medium; labeled with the study start date and series number, inoculated with the algae cells, 
sealed with cellulose plugs, and placed in a growth incubator or growth chamber. The surro-
gate for algae biomass was cell density; determined on specified sampling days by cell 
counting using a bright-lined Thoma© counting chamber or by measurement of optical densi-
ty. The flagellated species C. terricola and C. pyrenoidifera were immobilized before counting 
by adding 2 µL of Lugol’s iodine solution to each 2 mL sample. In order to reduce standard 
deviations, each sample was counted four times. Specific and sectional growth rates were 
calculated according to the OECD 201 guideline. 
Table 5-8: Overview of performed capacity experiments 
Test Species 
Duration 
(d) 
Inoculated cell density 
(cells∙mL-1) 
Light intensity 
 (µE∙m-2∙s-1) 
Temperature 
(°C) 
1-2, 5-7 D. subspicatus, P. subcapitata 28 1·104 76±10 24±1 
3 D. subspicatus, P. subcapitata 28 1·104 20±10 24±1 
4 D. subspicatus, P. subcapitata 14 1·104 40±10 24±1 
1-6 C. terricola, C. pyrenoidifera 37 1·104 76±10 24±1 
7 C. terricola 37 1·104 40±10 24±1 
7 C. pyrenoidifera 37 1·104 20±10 24±1 
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5.3.3 Phosphate-Uptake 
5.3.3.1 Background, Principle and Aim 
 
Algae cells can accumulate excessive phosphorus, beyond their immediate requirements 
(Currie and Kalff 1984). The assimilated P is stored in the cells primarily as polyphosphate 
(Rhee 1973; Tilman and Kilham 1976). This mechanism is known as luxury consumption. 
The growth rate of an algae cell is proportional to its amount of internal polyphosphate stor-
age, also known as cell quota. Various environmental factors, such as light (Chisholm and 
Stross 1976; Rivkin and Swift 1982), temperature (Goldman and Carpenter 1974; Goldman 
1979; Gotham and Rhee 1981), pH (Lawry and Jensen 1979), and other factors (Rigby et al. 
1980) are known to influence the rate of P-uptake. The developed SAM-X model (see chap-
ter 6) is based on P-limited algae growth realized via the internal cell quota approach. Each 
alga species in the model is characterized by parameters related to P-uptake kinetics, such 
as minimum internal P concentrations and maximum P-uptake rates. 
Many sources in literature are available (see chapter 6.4.1 and 11.3) to obtain values for typ-
ical P-uptake rates and minimum cell quotas for different algae species. D. subspicatus and 
P. subcapitata are well investigated in literature, whereas C. terricola and C. pyrenoidifera 
were not studied to the same extent. In case it was not possible to find literature values for 
parameters for the respective species, it was necessary to obtain specific values, or at least 
ranges, for related species, genus or families. The claim to verify literature values motivated 
to the performance of P-uptake experiments with D. subspicatus and C. pyrenoidifera. Four 
short-term P-uptake tests (each two for D. subspicatus and C. pyrenoidifera) were performed 
by spiking phosphate into starving algae cultures in order to investigate P-uptake kinetics of 
algae cells. Additionally, the aim was to determine related parameter values (maximum P-
uptake rates, vmax and minimum cell quotas, qmin) by own experiments. The determined val-
ues were compared with the ranges found in literature. In addition, four long-term P-uptake 
observations were done; one for each species. This was realized by additional measure-
ments of P dynamics during four capacity tests. The experimental data was used to verify the 
developed model for simulations of long-term growth and P-uptake kinetics of the algae.  
  Static Algae Tests Material and Methods 47 
5.3.3.2 Preparation and Setup 
5.3.3.2.1 Short-term Tests 
 
In total, four short-term P-uptake experiments with D. subspicatus (test 1 and 2) and C. pyre-
noidifera (test 3 and 4) were performed using the standard phosphomolybdate reaction with 
ascorbic acid as the reducing agent. The method is photometric determination as molyb-
denum blue after acidic hydrolyses and oxidation at 100-120°C, where the photometrical 
measurement of dye intensity was performed at 880 nm. The technique is based on the 
measurement of ortho-phosphate. The digestion of both dissolved organic as well as particu-
late phosphorus compounds was therefore required to determine the total P content. An un-
filtered sample was acquired in order to include all solid matters in the digestion process. 
Digestion was performed by heating the sample with peroxodisulfate and sulfuric acid. The 
detailed method, phosphate measurements and all needed calculations are described by 
ISO (2004). Rating curves with a phosphate standard were determined prior to test start. 
Blank values for comparison with the rating curves were measured two times during each 
test (Figure 5-14 and Figure 5-15). 
 
Figure 5-14: Rating curves with phosphate stand-
ard (tests with D. subspicatus) 
 
Figure 5-15: Rating curves with phosphate stand-
ard (tests with C. pyrenoidifera) 
 
 
All materials were rinsed with hydrochloric acid prior to test start in order to avoid impurities 
with residuals of phosphate. The biomass was quantified by measurement of optical density 
using a photometer with a 5 cm cuvette at 720 nm wavelength (D. subspicatus) or by using a 
1 cm cuvette at 680 nm wavelength (C. pyrenoidifera). Calculation of cell numbers was per-
formed by using the rating curve described in chapter 5.1.8. 
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D. subspicatus 
Starving cultures of D. subspicatus were cultivated for 5 days in 2.5 L Erlenmeyer flasks at 
20°C and 35±10 µE∙m-2∙s-1 in P-free OECD 201 medium. Test duration was 10 hours (test 1) 
and 2 days (test 2). Samples were taken 90 minutes (test 1) and 30 minutes (test 1 and 2) 
prior to test start. At test start (t0), a nominal concentration of 1.2 mg P∙L-1 (test 1) and 1.4 mg 
P∙L-1 (test 2) was spiked into flasks containing the starving cultures. Samples of the cultures 
were taken every 20-30 minutes and treated according to the method for phosphate 
determination. At each time point, a sample of 80 mL was taken from the algae culture and 
divided into subsamples of 10 mL for measurements of optical density, 10 mL for digestion of 
total P, and 60 mL for further measurements. The 60 mL sample was filtrated using P-free 
filters. 40 mL of the filtrated sample was then prepared for ortho-phosphate measurements. 
The filters were digested to obtain data of the filtered algae and the P content of the cells.  
 
C. pyrenoidifera 
Two starving populations were cultivated in P-free WARIS-H medium at 20°C and 
55±10 µE∙m-2∙s-1 for 25 days. Both tests were performed on two consecutive days. Before 
spiking phosphate into the starving cultures, samples were taken, 85 and 69 minutes (test 1) 
and 75 minutes (test 2) prior to test start. At test start (t0) a nominal concentration of 0.8 
mg P∙L-1 (test 1) and 0.5 mg P∙L-1 (test 2) was spiked into one of the starving cultures. In both 
tests, samples were taken every 20 minutes and treated the same way as for the tests with 
D. subspicatus. An overview of the performed P-uptake experiments is given in Table 5-9. 
 
Table 5-9: Overview of performed short-term P-uptake experiments 
Test Species 
Duration 
(d) 
Light intensity 
(µE∙m-2∙s-1) 
Temperature 
(°C) 
P in medium 
(mg P∙L-1) 
1 D. subspicatus 0.35 35±10 20±1 0, 1.2 at t0 
2 D. subspicatus 2 35±10 20±1 0, 1.4 at t0 
3 C. pyrenoidifera 0.35 55±10 20±1 0, 0.8 at t0 
4 C. pyrenoidifera 0.35 55±10 20±1 0, 0.5 at t0 
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5.3.3.2.2 Long-term Tests 
 
The long-term P-uptake in algae cells was measured during one capacity test for each spe-
cies (chapter 5.3.2, test 2 for D. subspicatus and P. subcapitata, test 4 for C. terricola and C. 
pyrenoidifera). At specific sampling days for D. subspicatus and P. subcapitata, an additional 
sample of 2 mL was taken from each control batch. For C. terricola and C. pyrenoidifera, also 
an additional sample of 2 ×1.5 mL was taken from each batch and 1 µL of Lugol’s iodine (so-
lution of elemental iodine and potassium iodide in water) was added to each aliquot. These 
three samples were pooled, diluted with water in a ratio of 1:10, and divided into two speci-
mens. One was used for determination of total phosphate and the other one was centrifuged 
with 30000 rpm for 10 minutes and used for ortho-phosphate determination. The samples 
were prepared for total PO4 and ortho-PO4 measurement according to the method described 
in the safety data sheet for the LCK 348 phosphate test (Hach Lange GmbH 2006). The prin-
ciple is similar to the method used in the short-term P-uptake tests: phosphate ions react with 
molybdate and antimony ions in an acidic solution to form an antimonyl phosphomolybdate 
complex, which is reduced by ascorbic acid to phosphomolybdenum blue. Calculations of 
ortho-P and total-P were also done according to the above mentioned method. 
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5.3.4 Competition 
5.3.4.1 Background, Principle and Aim 
 
It is known that the geographical and ecological distribution of most organisms is more re-
stricted than their physiological tolerance would allow (Lampert and Sommer 1999). One 
explanation can be the interactions between different species. Organisms can influence the 
availability of resources (or light, see Huisman et al. 1999; Litchman et al. 2004) or can 
themselves be a food resource for other organisms. Here, a resource is defined as a con-
sumable factor, for which an increase in availability leads to increase per capita reproductive 
rates through at least some range of its availability (Tilman 1977, 1982, 1986, 1987 and 
2004). Interactions between organisms 
sharing the same resource are defined as 
competition. These interactions can be indi-
rect when based on common resources, or 
direct when they consist of immediate 
damage to or interference with the competi-
tor. Competition can result in reduction of 
survival, growth and/or reproduction of the 
individuals concerned. 
G. F. Gause demonstrated experimentally 
that only one species survives if two spe-
cies are competing for the same resource 
(Gause 1934a and 1934b). In his experi-
ments, three protozoan species of Parame-
cium were investigated competing for the 
same resource. All three species were 
grown successfully when cultivated in sepa-
rate cultures. P. aurelia excluded P. cauda-
tum to extinction when grown in mixed cul-
ture, although they reached nearly identical 
densities when grown in separate cultures 
(Figure 5-16; original data from Gause, 
1934a). P. caudatum and P. bursaria coex-
isted at much lower densities than when 
grown alone. Although both existed togeth-
er in the same batch, they were separated 
 
Figure 5-16: Growth of P aurelia and P. caudatum in 
separate and mixed cultures. 
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Time (d)
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P. aurelia
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in space. P. caudatum lived and fed on bacteria suspended in the medium, while P. bursaria 
used yeast cells at the bottom of the tube (Gause 1934a and 1935). These results showed 
clearly that only one species will survive when two or more species compete for the same 
resource in the same habitat. The concept of niche may explain the result of coexistence by 
spatial separation. This concept was introduced to explain such events. Niche is defined as 
combination of resources and environmental conditions (Lampert and Sommer 1999) that 
allows reproduction, growth and survival of individuals of a species. If a competitor is pre-
sent, the niche of another species is reduced. If the niche of the inferior species is completely 
occupied by the superior competitor, the inferior species becomes extinct. On the other hand, 
a coexistence of competing species is possible by niche differentiation. P. caudatum and P. 
bursaria coexisted in separate niches where space and resources were differentiated. The 
concept of the niche and the above mentioned experiments lead to the competitive exclusion 
principle (Gause’s principle). Summarizing the principle it can be said that two competing 
species can coexist in a stable environment by differentiation of niches, for example different 
resources, habitats, or use of different sources for the same resource. In case there is no 
niche differentiation possible, one species will displace the other one.  
Sommer concluded that Tilman’s concept of coexistence (Tilman 1977 and 1982) is not only 
confined to artificial two-species systems, but also valid for natural assemblages (Sommer 
1983 and 1985). Competition of two or more species for resources was frequently 
investigated and models were developed and applied to describe the mechanisms of 
competition in more or less detail and complexity. One of the first and most cited models to 
describe competition was the Lotka-Volterra model (Lotka 1925; Volterra 1928). In general, 
the Lotka-Volterra models predict four possible outcomes of competition: (1) one species is 
eliminated, (2) the other species is eliminated, (3) both species coexist and (4) either species 
is eliminated depending on starting conditions. The classic Lotka-Volterra models are the 
simplest representation of nonlinear predator-prey interactions. The classic models give no 
information about the underlying mechanisms of competition but can be developed into more 
detailed models that reveal/describe dependencies in a more accurate way. An abstract 
concept of the classic Lotka-Volterra equations like the maximum population size can be 
replaced by physiologically relevant properties (Goudriaan and DeWitt 1973). 
Ahn (2002) used two different models to describe his competition experiments, a Lotka-
Volterra and a cell quota based model. They concluded that the simulation model that was 
based on a cell quota model was superior to the Lotka-Volterra model, because it provided 
detailed explanations for underlying mechanisms of competition and is more flexibly applica-
ble to various environmental conditions. The above mentioned results support the implemen-
tation of a cell quota submodel into the developed algae model. Therefore, a use as core 
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model for complex ecosystem models, that can take multi-species interactions at higher 
trophic levels into account, is possible. The competition experiments that were performed 
during this work were not designed to investigate the basic mechanisms of competition. The 
aim was to test and verify the capability of the developed model to describe competition, and 
thus to indicate the potential for an extension of the model to a more complex structure for 
simulations of e.g. aquatic ecosystems. Two combinations of algae competition were tested 
in batch cultures: D. subspicatus vs. P. subcapitata and C. terricola vs. C. pyrenoidifera. The 
experimental data was used to verify model simulations of algae competition and to confirm 
literature data of model parameter values. 
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5.3.4.2 Preparation and Setup 
 
Competition tests for D. subspicatus vs. P. subcapitata were performed using OCED 201 
nutrient medium. Test duration was 41-71 days. C. terricola vs. C. pyrenoidifera were tested 
using WARIS-H nutrient medium with test duration of 24-37 days. All experiments were car-
ried out at constant illumination of 76±10 µE∙m-2∙s-1 at 24±1°C in a growth incubator or a 
growth chamber.  In order to ensure exponential growth of the algae to be used as inoculum, 
an exponentially grown pre-culture was prepared 3-4 days prior to test start and cultivated at 
main test conditions. Nutrient medium was freshly prepared prior to test start. For each repli-
cate, 100 mL of nutrient medium was filled into a 250 ml Erlenmeyer flask and sealed with a 
cellulose plug. Algae cell density was determined on specified sampling days by cell counting 
using a bright-lined Thoma© counting chamber. Each sample was counted four times per 
algae species in order to reduce standard deviations. The flagellated species C. terricola and 
C. pyrenoidifera were immobilized before counting by adding 2 µL of Lugol’s solution to each 
2 mL sample. As a side effect, the cells partly formed lumps and clusters and the distribution 
within the counting chamber was not randomized, although the sample was shaken. This 
resulted in higher standard deviations when counting the cells. The three competition tests 
with D. subspicatus vs. P. subcapitata started with three different ratios of initial cell densi-
ties, namely 1:1, 1:3 and 3:1 with three replicates per ratio each. Three tests with C. terricola 
and C. pyrenoidifera were performed with ratios of 1:1 and 1:3; two tests with a ratio of 3:1; 
each with three replicates per ratio. An overview of performed competition experiments is 
given in Table 5-10. 
Table 5-10: Overview of performed competition experiments 
Test Species Duration 
(d) 
Inoculated cell density 
(cells∙mL-1) 
Light intensity 
 (µE∙m-2∙s-1) 
Temperature 
(°C) 
1-3 D. subspicatus vs. P. subcapitata 47 1·104 : 1·104 76±10 24±1 
1-3 D. subspicatus vs. P. subcapitata 47 1·104 : 3·104 76±10 24±1 
1-3 D. subspicatus vs. P. subcapitata 72 3·104 : 1·104 76±10 24±1 
1-3 C. terricola vs. C. pyrenoidifera 37 1·104 : 1·104 76±10 24±1 
1-3 C. terricola vs. C. pyrenoidifera 33 1·104 : 3·104 76±10 24±1 
1-2 C. terricola vs. C. pyrenoidifera 20 3·104 : 1·104 76±10 24±1 
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5.3.5 Growth Inhibition 
5.3.5.1 Principle and Aim 
 
Experimental data of chronic algae toxicity to isoproturon was generated by performing 
standard growth inhibition studies according to the OECD 201 guideline (OECD 2006). The 
aim of these studies was to determine the effects of isoproturon on the population growth 
rate of the four selected algae species D. subspicatus, P. subcapitata, C. terricola and C. 
pyrenoidifera. The results of these tests characterize the effects of the test substance on the 
algae species. Further on, the obtained data were used to derive input values for the model. 
This allowed simulating effects of isoproturon on algae populations. 
In a first step, the experimental results were evaluated and values for required input parame-
ters for modelling were determined (ErCx-data, slope of the concentration-effect relationship 
at the ErC50). The second step was to simulate the performed growth inhibition studies with 
the algae model and to evaluate the results. In the final step, the toxicity data were used to 
predict the flow-through experiments with algae under time-variable exposure to isoproturon. 
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5.3.5.2 Preparation and Setup 
 
The studies were performed according to the OECD 201 guideline. C. terricola and C. 
pyrenoidifera are no standard test species and are not specified in the OECD 201 guideline. 
The standard test conditions were therefore slightly adapted to meet the requirements of 
these two species: Since C. terricola and C. pyrenoidifera are both flagellated species, no 
use of a rotation shaker was necessary to prevent sedimentation and the WARIS-H nutrient 
medium was used (instead of the medium according to OECD 201). Except for the above 
mentioned modifications all tests were performed according to OECD 201. All tests were 
performed at constant illumination of 76±10 µE∙m-2∙s-1 at 23±1°C in a growth incubator. 
Exponentially grown pre-cultures were prepared as described in the OECD 201 guideline. 
The concentration range of isoproturon was chosen from 1-10.000 µg a.i.∙L-1 and a geometric 
concentration series was used for each test, resulting in treatment levels of 1, 3.2, 10, 32, 
100, 320, 1000, 3200 and 10000 µg a.i.∙L-1. The test vessels (300 mL Erlenmeyer flasks) 
were filled with 150 mL test medium and algae (initial cell density of 1∙104 cells∙mL-1), were 
labeled with the study start date, series number, and concentration of the test item; were 
sealed with cellulose plugs and placed in the growth incubator or growth chamber. The 
surrogate measure for biomass was cell density and algae growth was determined after 0, 1, 
2 and 3 days photometrically. Optical density was determined at a wavelength of 578 nm for 
D. subspicatus and P. subcapitata and with 720 nm for C terricola using 5 cm cuvettes. The 
optical density of C. pyrenoidifera was determined at 680 nm using a 1 cm cuvette. The tests 
were evaluated using the commercial software ToxRat©. An overview of conducted growth 
inhibition tests is given in Table 5-11. 
 
Table 5-11: Overview of performed growth inhibition experiments 
Test Species Duration 
(d) 
Inoculated cell density 
(cells∙mL-1) 
Light intensity 
 (µE∙m-2∙s-1) 
Temperature 
(°C) 
1 D. subspicatus 3 1·104 76±10 23±1 
2 P. subcapitata 3 1·104 76±10 23±1 
3* C. terricola  3 1·104 76±10 23±1 
4 C. terricola  3 1·104 76±10 23±1 
5 C. pyrenoidifera 3 1·104 76±10 23±1 
*The study was repeated in order to reduce the range of the 95% confidence limit of the ErC50. 
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5.4 Flow-through Algae Tests 
5.4.1 Background 
 
A flow-through system for the continuous cultivation of algae was developed according to the 
chemostat principle. It appeared advantageous that chemostats are self-regulating systems 
and no external interference is needed to operate the chemostat in a stable manner 
(Von Hirsbrunner 1981). This type of experimental setup allows an easy adaption to address 
objectives according to the scientific demands (Sommer 1985; Lenas et al. 1998). In contrast 
to static experiments it is possible to observe both, the inhibition of algae growth directly as 
visible loss of biomass, and the recovery of populations by re-establishing a steady-state 
condition in the system. The suitability of a chemostat for the assessment of adsorbable and 
volatile organic substances was shown by Halling-Sørenson et al. (1997). Chen and Lin 
(1997) evaluated six different metal toxicants in continuous tests and achieved superior 
sensitivity and reproducibility compared to batch test systems, and proposed continuous 
tests as an ideal technique for both research and regulatory purposes. Flow-through devices 
with multiple trophic levels can also answer more complex questions on food chain dynamics 
under toxicant exposure (Dobbs et al. 1996; Lampert 1976). Grade et al. (2000) concluded 
that flow-through systems are promising devices to assess effects of substances on algae 
under variable exposure regimes and for population recovery. These systems are suitable as 
higher-tier test systems and they form a link between static laboratory tests, microcosms and 
outdoor mesocosm studies.  
In order to perform a stepwise approach to time-variable exposure experiments, several pre-
liminary tests were performed with the flow-through system. These tests were carried out in 
order to ensure proper and stable working of the flow-through setup and to reveal potential 
technical problems and error sources. As a first step, the stability of the water temperature in 
the reactor system and the flow rate accuracy of the solenoid pumps were investigated with-
out cultivating algae. In the next step, the cultivation of algae in the flow-through system was 
tested to ensure stability and suitability of the system for its scope of the present work. Three 
flow-through experiments were performed with D. subspicatus under constant environmental 
conditions and the general applicability as test system was investigated. The third step was a 
first test with D. subspicatus under time-varying exposure to 3,5-dichlorophenol. This test run 
was performed to investigate the suitability of the flow-through system for the assessment of 
pulsed exposure on algae. Thereafter, the algae model was used to describe the experi-
mental data (chapter 8.3.2). The results led to the final step, the flow-through experiments 
with isoproturon. Two separate flow-through experiments were performed with D. subspi-
catus and P. subcapitata under time-variable exposure to isoproturon. 
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5.4.2 Preparation and Setup 
 
The flow-through experiments were performed with D. subspicatus or P. subcapitata. The 
apparatus was thoroughly cleaned prior to the start of each experiment. All the glassware 
was cleaned with HCl followed by thorough washing with distilled water. The whole appa-
ratus was autoclaved at 120°C for 30 minutes. Nutrient medium was freshly prepared prior to 
test start according to the OECD 201 guideline, held in a darkened nutrient reservoir, and 
renewed every week. Stock cultures of algae were prepared as described in chapter 5.1.7. 
Pre-cultures of D. subspicatus or P. subcapitata were prepared in OECD 201 nutrient medi-
um 4 days prior to test start, in order to ensure exponential growth on inoculation. In order to 
maintain the CO2 level in the reactors, sterile air (1 L∙min-1) was constantly added to both 
reactors. 
Sampling was performed daily from the effluent. For each sample, the pH was controlled and 
the algae density was quantified. Additional samples for analytical determination of isopro-
turon were taken during the exposure periods. Cell numbers were quantified using bright-
lined Thoma© counting chambers. Each sample was counted four times to obtain more cer-
tain replicate values with reduced standard deviations. Optical density and fluorescence 
measurements were also performed as additional quantification method. However cell count-
ing with a microscope was chosen as the most accurate method. The dilution (flow) rate was 
set to 0.5 d-1 for each experiment (i.e. half of the reactor working volume, 0.75 L, was re-
newed per day). Flow rates were measured every 24 h. A constant temperature of 21.5 or 
24±0.5°C and illumination of 76, 100 or 120±10 µEm-2s-1 in both reactor systems were main-
tained over the whole test period. The chemostat system was judged to be in steady-state 
when the cell density exhibited no increasing or decreasing trends and varied no more than 
±5-10% for at least three consecutive days (this was also described by Ahn (2002)). At this 
point, the growth rate equals the dilution rate and the inflowing nutrients are sufficient to 
maintain the biomass level. Table 5-12 gives an overview of the performed flow-through ex-
periments. 
Table 5-12: Overview of performed flow-through experiments 
Experiment Species Test substance 
Duration 
(d) 
Inoculated cell 
density 
(cells∙mL-1) 
Light intensity 
(µE∙m-2∙s-1) 
Temperature 
(°C) 
Preliminary test 0 - - 1-3 - 120±10 21.5-24±0.5 
Preliminary test 1 D. subspicatus - 14 1·104-4·104 100±10 24±0.5 
Preliminary test 2 D. subspicatus - 15 1·104-4·104 76±10 24±0.5 
Preliminary test 3 D. subspicatus - 14 1·104-4·104 76±10 24±0.5 
Main test 1 D. subspicatus 3,5-dichlorophenol 52 4·104-7·104 100±10 24±0.5 
Main test 2 D. subspicatus Isoproturon 69 2·104 100±10 24±0.5 
Main test 3 P. subcapitata Isoproturon 43 87·104 100±10 24±0.5 
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5.5 Growth Phases of Algal Populations 
 
Growth dynamics in batch tests (also well explained in comparison with population capacity 
in chapter 5.3.2.1) or in continuous (flow-through) cultivation and thus under controlled condi-
tions can be divided into 4 phases (Figure 5-17): 
 
The first phase is a lag phase, and is commonly observed after inoculation of the algae cul-
ture. During this phase the algae cells need to adjust to their environment and only low 
growth is observable. It is possible to bypass this phase by use of an exponentially growing 
inoculum (OECD 2006). However, frequently exponential growth from the beginning of a test 
might not be assured and the lag phase occurs anyhow. After this adjustment phase, the 
population starts to grow exponentially (exponential phase) and the substrate (e.g. P) is tak-
en up rapidly from the environment into the cells. The population can maintain its maximum 
growth rate as long as the limiting substrate is available (see also 6.2.5). Surplus nutrients 
are stored in the cells (internal P concentration or cell quota); this is known as luxury con-
sumption (Currie and Kalff 1984; Fogg and Thake 1982). The concentration of available nu-
trients decreases with increasing population size and nutrient consumption. The point of in-
flexion of the sigmoid growth curve marks the beginning of the transition phase. The popula-
tion leaves the exponential phase because the internal cell quota (nutrient concentration in 
the cells) is exhausted. The growth dynamics switch into the stationary (steady-state) phase. 
 
Figure 5-17: Growth phases of algae populations under controlled culture conditions 
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  Growth Phases of Algal Populations Material and Methods 59 
For flow-through conditions, the growth rate and the dilution rate are now in equilibrium 
(µ = D). The inflowing nutrients in the chemostat are sufficient to maintain the population 
density at a certain level. In batch cultures, this phase can also be observed. Under static 
conditions, nutrients are remineralized by dead algae cells. This amount of nutrients is suffi-
cient to maintain the population density (see also chapter 5.3.2.1). The number of new grown 
algae cells is therefore equal to the mortality of the population. 
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6. Model development 
6.1 A Simple Algae Model 
 
A simple algae model was required to address the objectives of this work. Therefore, the 
mechanistic compartment model SAM-X (Simple Algae Model EXtended) was developed. It 
has the capability to simulate dynamics of algae populations under static or continuous 
growth conditions. Algae growth is influenced by various environmental factors, such as light, 
temperature, nutrients and a chemical stressor. The developed model is an extended modifi-
cation of the Simple Algae Model (SAM) described by Weber (2006). A similar model was 
developed by Strauss (2009) as a module in the ecosystem model StoLaM. The Simple Al-
gae Model was enhanced by including physiological properties of four different algae species 
and a nutrient compartment with phosphorus (P) as the limiting nutrient. P is known as the 
most common limiting nutrient for algae growth (Ahn 2002; Jørgensen and Bendoricchio 
2001; Lampert and Sommer 1999). In addition, a compartment that states the internal con-
centration of P in algae cells and several other important components were implemented into 
the enhanced model. Similar approaches applying internal nutrient compartments to describe 
algae growth can be found in models of different complexity (Brown et al. 1978; Brown and 
Harris 1978; Strauss 2009; Litchman et al. 2004).  
Some important properties addressing the simplicity and transparency of a required model 
are: 
1. All physiological properties of the algae are expressed as parameters; their values 
can be determined in laboratory experiments 
2. All parameters rely on ecological processes 
3. Important processes such as population growth, P-uptake, temperature, light and nu-
trient-limitation are considered 
4. The input data required for initialization of the model and for simulations is minimized 
5. The model structure allows easy extensions, both on the technical and ecological side 
6. The model equations are solved by accurate and efficient numerical algorithms 
The following chapters give a detailed overview of the functionality and composition of the 
algae model. 
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6.1.1 Description and Conceptual Model 
 
SAM-X consists of four coupled differential equations, numerically solved by a variable order 
solver. A model concept is illustrated in Figure 6-1.  
 
Figure 6-1: Model concept of SAM-X 
The model consists of four compartments: the first compartment represents the size of the 
algae population. A second compartment states the P concentration that is internally stored 
in the algae cells (P intern or internal cell quota). It is connected to the third compartment, the 
P concentration in an external reservoir (e.g. P in culture medium). The fourth compartment 
represents the concentration of a chemical toxicant (e.g. a pesticide). Four forcing functions 
affect the algae growth rate by calculating actual influences of light f(I), temperature f(T), P 
f(Q) and a chemical stressor f(C). Effects of a toxicant are calculated by using concentration-
effect data (ErC50, slope of the concentration-effect curve at ErC50) obtained from standard 
toxicity studies. The model allows the simulation of static or continuous (flow-through) cultiva-
tion conditions. External data of time series for each forcing function can be taken into ac-
count. 
The model is equipped with parameter sets related to the physiological properties of the four 
selected algae species. Standard growth inhibition tests can be simulated without optimiza-
tion or calibration, only by taking the measured data and environmental boundary conditions 
of the tests (e.g. light, temperature, and initial cell density, initial P concentration in medium 
and pesticide concentration in medium) into account. Submodels, parameters, and corre-
sponding expressions are presented in chapter 6.2. The transparent model structure facili-
tates extensions to additional nutrient compartments (for example nitrogen, carbon, and sili-
con) or the connection to higher trophic levels. 
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6.1.2 State Variables and Parameters 
 
Table 6-1: Physiological properties of the algae species and model parameter 
Symbol Definition Unit 
µmax Maximum growth rate at optimum environmental conditions d-1 
qmax Maximum intracellular P µg P∙µg fwt-1 
qmin Minimum intracellular P µg P∙µg fwt-1 
vmax Maximum P-uptake rate at non-limited growth µg P∙µg fwt-1∙d-1 
ks Half-saturation constant for extracellular P mg P∙L-1 
mmax Natural mortality rate d-1 
Iopt Optimum light intensity for growth µE∙m-2∙s-1 
Topt Optimum temperature for growth °C 
Tmax Maximum temperature for growth °C 
Tmin Minimum temperature for growth °C 
k Degradation rate  of toxicant in aquatic environments d-1 
ErC50 Effect concentration of 50% inhibition of growth rate µg∙L-1, mg∙L-1 
b Slope of concentration-effect curve at ErC50 - 
t0 Start time of the simulation d 
t Duration of the simulation d 
 
Table 6-2: Environmental variables 
Symbol Definition Equation Unit 
I Actual light intensity 𝐼 = 𝐸𝑛𝑒𝑟𝑔𝑦
𝐴𝑟𝑒𝑎 ∙ 𝑇𝑖𝑚𝑒
 µE∙m-2∙s-1 
T Actual temperature - °C 
F Flow rate 𝐹 = 𝑉𝑜𝑙𝑢𝑚𝑒
𝑇𝑖𝑚𝑒
 
µ𝐿,𝑚𝐿,𝐿
𝑑
 
D Dilution rate 𝐷 = 𝐹
𝑉𝑜𝑙𝑢𝑚𝑒
 d-1 
R0 Inflowing P concentration 𝑅0 = 𝑀𝑎𝑠𝑠𝑉𝑜𝑙𝑢𝑚𝑒 mg P∙L-1 
Cin Inflowing concentration of toxicant 𝐶𝑖𝑛 = 𝑀𝑎𝑠𝑠𝑉𝑜𝑙𝑢𝑚𝑒 mg∙L-1 
 
Table 6-3: State variables of the model, additional equations and definitions 
Symbol Definition Equation Unit 
 
Biomass - 
Equivalents for biomass 
(cell numbers, volume, cells, fresh wt, dry wt) 
A Algae concentration 𝐴 = 𝐵𝑖𝑜𝑚𝑎𝑠𝑠
𝑉𝑜𝑙𝑢𝑚𝑒
 cells∙mL-1, µg fwt∙mL-1 
Q Internal P concentration in total algae biomass - µg P∙mL
-1, mg P∙L-1 
-* P in biomass based on cells or fresh weight 
𝑄
𝐴
= 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑃 𝑖𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐵𝑖𝑜𝑚𝑎𝑠𝑠
 µg P∙cell-1, µg P∙µg fwt-1 
P Actual P concentration in water 𝑃 = 𝑀𝑎𝑠𝑠𝑉𝑜𝑙𝑢𝑚𝑒 µg P∙mL-1, mg P∙L-1 
C Toxicant concentration 𝐶 = 𝑀𝑎𝑠𝑠
𝑉𝑜𝑙𝑢𝑚𝑒
 µg∙L-1, mg∙L-1 
 
Volume of 1 µg water is 106 µm³ 
* calculated internally 
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6.1.3 Initialization 
 
The model is easy to use and the simulated processes are transparent. The user is able to 
apply the model in a few steps and without the need of expert knowledge on technical is-
sues. The underlying work provided standard parameter sets for four different algae species. 
An inclusion of additional algae would require the species-related determination of parameter 
values. The availability of standard sets allowed minimizing the required input data for simu-
lations. These sets provide the most important information without the need of modification. 
However, it is necessary to define the boundary conditions (e.g. light, temperature, dilution 
rate, test duration or inflowing P concentration) and to initialize the state variables (the inocu-
lated algae density, the P concentration in culture medium and the initial concentration of a 
toxicant). Studies providing these data are routinely performed within the standard risk as-
sessment framework. Simulations of flow-through studies with a complex exposure profile 
additionally require the specified exposure pattern and toxicity data.  
An overview on different study types and required input data for simulations is given in the 
following table: 
Table 6-4: Overview of input parameter for simulations of different study types 
Study type Input data Algae properties Init. state variables 
Growth inhibition T, I, t, ErC50, b Standard set A, Q, P, C 
Capacity T, I, t Standard set A, Q, P 
Competition T, I, t Standard set A, Q, P 
Flow-through study T, I, t, D Standard set A, Q, P 
Flow-through study + exposure T, I, t, D, ErC50, b, EP* Standard set A, Q, P, C 
*EP = exposure pattern 
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6.2 Submodels 
6.2.1 Basic Growth Models 
6.2.1.1 Exponential Growth and Decay 
 
Exponential growth and decay can be described with a first order, linear, homogeneous dif-
ferential equation such as:  
Equation 1 
𝑑𝑦
𝑑𝑡
= 𝑎 ∙ 𝑦 
It states that the change over time  𝑑𝑦
𝑑𝑡
 is proportional to the actual value of y (Ebenhöh 2006a 
and 2006b; Papula 2001a and 2001b). The proportional constant is called a. For growth pro-
cesses the value is positive and for decay processes it is negative. The constant is also 
called the relative rate of change because it represents the state of change relatively to the 
actual value. 
The solutions of Equation 1 are given as: 
Equation 2 
𝑦(𝑡) = 𝑐 ∙ 𝑒𝑎𝑡 
The constant of integration c, determined by Equation 2 is defined by the initial condition of 
the system, i.e. 𝑐 = 𝑦(𝑡 = 0). 
There are many processes where Equation 1 is valid within certain boundaries. Radioactive 
decay (a < 0) processes exponentially. The intensity of the light decreases due to the extinc-
tion in the sea water exponentially with depth (here, time is not the independent variable, 
rather the diffusion depth). Bacteria or algae can grow exponentially until resources are ex-
hausted. 
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6.2.1.2 Logistic Growth 
 
In natural systems exponential growth cannot last for infinite time because it is limited by e.g. 
the availability of resources or space (Lampert and Sommer 1999). A common and frequent 
observation is, that in a test system, after an initial phase of exponential growth, the growth 
rate declines from its maximum and finally approaches zero (Zwietering et al. 1990; Ebenhöh 
2006a and 2006b,). The exponential growth phase lasts until it reaches the point of inflexion. 
From this point the growth rate declines and the system approximates the boundary K (red 
line, Figure 6-2). The growth rate approaches to zero and the solution transits into a stable 
stationary phase. This model is called the logistic growth model and can be written as: 
Equation 3 
𝑑𝑦
𝑑𝑡
= 𝑎 ∙ 𝑦 ∙ �1 − 𝑦
𝐾
�   𝑦(0) = 𝑦0 > 0 (initial value) 
The solution of Equation 3 yields: 
Equation 4 
𝑦(𝑡) = 𝑦0 ∙ 𝐾
𝑦0 + (𝐾 − 𝑦0) ∙ 𝑒(−𝑎∙𝑡) 
 
Figure 6-2: One solution of the logistic differential equation 
 
Achsen
Limit K
Exponential phase
Stationary phase
Transition phase
Point of inflexion
Solution
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6.2.2 Algae Population Growth 
 
The growth of the algae biomass A is described by an exponential growth model (Jørgensen 
and Bendoricchio, 2001) with a maximum growth rate µmax, that is adjusted to actual envi-
ronmental conditions (temperature f(T), light f(I), nutrient f(Q) and to the concentration of a 
chemical stressor f(C)). It represents the first compartment of the SAM-X model and is written 
as: 
Equation 5 
𝑑𝐴
𝑑𝑡
= (𝜇𝑚𝑎𝑥 ∙ 𝑓(𝑇) ∙ 𝑓(𝐼) ∙ 𝑓(𝑄) ∙ 𝑓(𝐶) −𝑚𝑚𝑎𝑥 − 𝐷) ∙ 𝐴 
𝐷 = � 0, 𝑠𝑡𝑎𝑡𝑖𝑐 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛> 0, 𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 
The so called forcing functions f(T), f(I), f(Q) and f(C) result in values between 0 and 1 ac-
cording to actual temperature, light, nutrient and pesticide conditions. Mortality of the popula-
tion is considered with a maximum mortality rate mmax. Static and flow-through (continuous) 
culture conditions can be simulated. A population loss by outflow for flow-through conditions 
is addressed by the implemented flow rate D (dilution rate). The dilution rate D is defined as 
flow rate F of medium over volume V of culture medium in the reactor system, written as 
𝐷 = 𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 = 𝐹𝑉. Flow-through conditions are considered for D > 0 and static conditions 
for D = 0. 
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6.2.3 Light Dependence 
 
Solar radiation is the most important source of energy for ecosystems. Therefore, a model 
should consider the influence of light on growth. It is the principal forcing function for models 
that take into account energy budget, photosynthesis, primary production (production of or-
ganic compounds from CO2) and photolysis of different substances (Jørgensen and Ben-
doricchio 2001). Light is an essential resource for algae growth (see e.g. Cloern 1977; Lam-
pert and Sommer 1999) and an implementation of a related function into an algae model is 
therefore important (Rhee and Gotham 1981b). One frequently used and widely accepted 
function for light influence in ecosystem models is the Steele-formulation (Cloern 1978; 
Hommen 1998; Kohl and Nicklisch 1988; Strauss 2009), written as:  
Equation 6 
𝑓(𝐼) = 𝐼
𝐼𝑜𝑝𝑡
∙ 𝑒
�1−
𝐼
𝐼𝑜𝑝𝑡
�
 
This function adjusts the maximum growth rate depending on the actual light intensity I. The 
optimum light intensity Iopt for growth varies among different algae species. The growth rate 
increases with increasing irradiance up to an optimum (saturating) light intensity. Values of 
this forcing function range from 0 to 1. Figure 6-3 shows response curves f(I) of different light 
intensities I at given optimum light intensities Iopt. 
 
Figure 6-3: Example f(I) response curve 
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6.2.4 Temperature Dependence 
 
Another important abiotic factor influencing the primary production is the temperature (Lam-
pert and Sommer 1999). Temperature variations of ecosystems are strongly influenced by 
the thermal capacity of the large mass of the ecosystem (Jørgensen and Bendoricchio 2001). 
Temperature is one of the most important factors that influence algae growth and needs 
therefore be considered in a model as algae growth rates vary with temperature (Cloern 
1977; Goldman and Carpenter 1974; Goldman 1979; Rhee and Gotham 1981a). An appro-
priate model, a skewed normal distribution around an optimum temperature, was described 
by Jørgensen and Bendoricchio (2001) and can be written as: 
Equation 7 
𝑓(𝑇) = 𝑒�−2.3∙� 𝑇−𝑇𝑜𝑝𝑡𝑇𝑥−𝑇𝑜𝑝𝑡�2� 
𝑇𝑥 = �𝑇𝑚𝑖𝑛, 𝑇 < 𝑇𝑜𝑝𝑡𝑇𝑚𝑎𝑥, 𝑇 ≥ 𝑇𝑜𝑝𝑡 
Equation 7 adjusts the maximum growth rate in Equation 5 to the actual water temperature T 
where f(T) can range from 0 to 1. Minimum, maximum and optimum temperatures for algae 
growth (Tmin, Tmax, and Topt) vary among different species and their adaption to environmental 
factors. Tmin is the temperature at which algae growth is barely possible; Tmax is the upper 
temperature boundary. At Topt growth is not limited by temperature. The function declines 
rapidly before its minimum or after its maximum whereas the skewness depends on Tmin and 
Tmax. Examples of response curves for different optimum temperatures (20°C and 30°C) at 
given minimum (8°C) and maximum (42°C) temperatures are illustrated in Figure 6-4. 
 
Figure 6-4: Example f(T) response curve 
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6.2.5 Nutrient Dependence 
 
In nature the available amount of resources rarely satisfies optimal growth conditions for al-
gae. Phosphorus is known to be the common limiting-nutrient for algae (Sommer 1989; Lam-
pert and Sommer 1999). As long as the limiting resource is sufficiently supplied, the popula-
tion growth rate is at its maximum (with respect to other limiting factors). With a continuous P 
consumption of the growing population, the concentration of the available P in the environ-
ment decreases. Given a supply of P, algae are able to accumulate an excess which is 
stored in the cells (Fogg and Thake 1982; Currie and Kalff 1984). The reserves resulting 
from this luxury consumption may then support the growth in the absence of any further ex-
ternal supply. The internal P concentration in the cells is also called the cell quota. With a 
continuous population growth, this storage depletes. The growth rate decreases until the in-
ternal P concentration achieves a minimum level. Population growth in SAM-X relates to the 
internal P concentration in the cells; i.e. the specific growth rate µ is regulated by the availa-
bility of P that is stored in the algae cells. An accepted function, a type of exponential approx-
imation, was suggested by Fuhs (1969) and is written as:  
Equation 8 
𝑓(𝑄) = 1 − 𝑒�−𝑙𝑛2� 𝑄𝑞𝑚𝑖𝑛∙𝐴−1�� 
Q represents the concentration of P in the total algae cells. This function regulates the specif-
ic growth rate according to Q. A minimum concentration of P per unit cells qmin is necessary 
to allow any cell division. The function values range from 0 to 1. Figure 6-5 presents an ex-
ample response curve with a given qmin at different  
𝑄
𝐴
.  
 
Figure 6-5: Example f(Q) response curve 
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6.2.6 Internal P Concentration in Algae Cells 
 
Phosphate-limited growth of algae was investigated intensively in experiments as well as 
with modelling approaches (Rhee 1972; Brown and Harris 1978, Brown and Button 1979; 
Lang and Brown 1981). The limitation of P can be modelled by a two-step process (Geider et 
al. 1998; Jørgensen and Bendoricchio 2001) and can be written as: 
Equation 9 
𝑓(𝑄,𝑃) = 𝑞𝑚𝑎𝑥 ∙ 𝐴 − 𝑄(𝑞𝑚𝑎𝑥 − 𝑞𝑚𝑖𝑛) ∙ 𝐴 ∙ 𝑃𝑘𝑠 + 𝑃 
The uptake process related to the P concentration in the total algae cells Q is the first step. A 
limitation by the external P concentration in the culture medium is expressed by a Michaelis-
Menten function and forms the second step of the two-step process.  
The second model compartment (Equation 10) represents the internal P concentration in the 
total algae cells Q. Q increases with P-uptake and decreases with cell division, which acts to 
spread the total stored P over more cells. The uptake rate vmax is assumed to depend on the 
ambient P concentration and the internal concentration in the cells and is regulated by Equa-
tion 9. The parameter qmin is the minimum P level in the cells, qmax the maximum P level in 
the cells and ks the half-saturation constant for P. The P concentration that is stored in the 
dead and out-flowed algae cells is subtracted from the actual P concentration stored in the 
cells that remain in the system.  
Equation 10 
𝑑𝑄
𝑑𝑡
= 𝑣𝑚𝑎𝑥 ∙ 𝑓(𝑄,𝑃) ∙ 𝐴 − (𝑚𝑚𝑎𝑥 + 𝐷) ∙ 𝑄 
 
 
  Submodels Model development 71 
6.2.7 External P Reservoir 
 
The third compartment of the model is expressed by Equation 11 and describes an external 
reservoir of P. Static population growth conditions are simulated by setting the loss (dilution) 
rate D to 0; for continuous conditions (e.g. for a flow-through system) the dilution rate is set 
to D > 0. R0 describes the concentration of P entering the system depending on D. The actu-
al concentration of P in the reservoir flows out of the system according to D. The P concen-
tration stored in dead algae cells re-enters the system in order to account for a remineraliza-
tion. Finally, the concentration of P that was taken up by the algae cells is removed from the 
reservoir. 
Equation 11 
𝑑𝑃
𝑑𝑡
= 𝐷 ∙ 𝑅0 − 𝐷 ∙ 𝑃 + 𝑄 ∙ 𝑚𝑚𝑎𝑥 − (𝑣𝑚𝑎𝑥 ∙ 𝑓(𝑄,𝑃) ∙ 𝐴) 
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6.2.8 Effect of a Chemical Stressor 
 
The effect model (also implemented in the risk assessment software tool Herbest (Van den 
Brink and Kuyper 2001), a log-logistic function, adjusts the maximum growth rate related to 
the actual concentration of a chemical toxicant, written as: 
Equation 12 
𝑓(𝐶) = 11 + 𝑒−𝑏∙�𝑙𝑛(𝐶)−𝑙𝑛(𝐸𝑟𝐶50)� 
C is the actual concentration of a chemical substance and the ErC50 is the substance concen-
tration that causes 50% of effect on the population growth rate. This model considers growth-
inhibiting effects expressed as a temporary reduction of the growth rate. Algicidal effects, 
which could be expressed as a temporary increase of the mortality rate, are not reflected in 
the model yet. The parameter b describes the slope of the logistic function at the ErC50. The 
function value ranges from 0 to 1, according to the actual substance concentration. Values 
for ErC50 and slopes can be determined in standard toxicity studies and can be used to calcu-
late the inhibition of algae growth at any concentration. A typical log-logistic concentration-
effect curve is shown in Figure 6-6. 
 
 
Figure 6-6: Example of a log-logistic concentration-effect curve 
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6.2.9 Single-First-Order Kinetics 
 
The fourth model compartment represents the concentration of a chemical substance. The 
Single First-Order kinetics (SFO), a flux term (in order to address flow-through conditions, 
D > 0) and a term to address inflowing substance (Cin > 0 and D > 0) are combined and can 
be written as: 
Equation 13 
𝑑𝐶
𝑑𝑡
= 𝐶𝑖𝑛 ∙ 𝐷 − 𝑘 ∙ 𝐶 − 𝐷 ∙ 𝐶 
𝐷 = � 0, 𝑠𝑡𝑎𝑡𝑖𝑐 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛> 0, 𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 
C is the concentration of a chemical substance; k is the rate constant for degradation of the 
substance from the system. For flow-through conditions, D > 0, the dilution rate D takes the 
in/outflow of the substance out of the system into account. Cin is the concentration of the 
chemical substance entering the system depending on D. For SFO kinetics, the time for a 
decrease of the concentration by a certain percentage is constant and independent of the 
initial concentration (FOCUS 2006). For example, the time for a decline from 100% to 50% of 
the initial concentration is identical to the time for a decline from 50% to 25%. This makes 
DT50 and DT90 values easy to interpret. Data fits to SFO kinetics are the preferred option to 
derive regulatory degradation endpoints. First-order kinetics commonly describe degradation 
kinetics in pesticide fate models (FOCUS 2006). An example of a typical SFO decline curve 
is given in the following figure: 
 
Figure 6-7: Example data and corresponding SFO decline curve 
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6.2.10 The SAM-X Model 
 
Combining the four compartments (Equation 5, Equation 10, Equation 11 and Equation 13) 
leads to the coupled model system of SAM-X for n algae species.  
𝑑𝐴𝑖
𝑑𝑡
= �𝜇𝑚𝑎𝑥,𝑖 ∙ 𝑓(𝑇𝑖) ∙ 𝑓(𝐼𝑖) ∙ 𝑓(𝑄𝑖) ∙ 𝑓(𝐶) −𝑚𝑚𝑎𝑥,𝑖 − 𝐷� ∙ 𝐴𝑖 
𝑑𝑄𝑖
𝑑𝑡
= 𝑣𝑚𝑎𝑥,𝑖 ∙ 𝑓(𝑄𝑖 ,𝑃) ∙ 𝐴𝑖 − �𝑚𝑚𝑎𝑥,𝑖 + 𝐷� ∙ 𝑄𝑖 
𝑑𝑃
𝑑𝑡
= 𝐷 ∙ 𝑅0 − 𝐷 ∙ 𝑃 + �𝑚𝑚𝑎𝑥,𝑖 ∙ 𝑄𝑖 − �𝑣𝑚𝑎𝑥,𝑖 ∙ 𝑓(𝑄𝑖 ,𝑃) ∙ 𝐴𝑖�𝑛
𝑖=1
 
𝑑𝐶
𝑑𝑡
= 𝐶𝑖𝑛 ∙ 𝐷 − 𝑘 ∙ 𝐶 − 𝐷 ∙ 𝐶 
𝐷 = � 0, 𝑠𝑡𝑎𝑡𝑖𝑐 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛> 0, 𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 
𝑓𝑜𝑟 𝑖 = 1:𝑛 𝑤𝑖𝑡ℎ 𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑙𝑔𝑎𝑒 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 
All n species have simultaneous access to the P-reservoir, but each single species is related 
to own physiological properties. This is an important issue for simulations of competition.  
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6.3 Implementation 
 
The model equations were implemented into the commercial software Matlab®, version 
2008a. Matlab® is a high-performance tool that provides a combination of computation, visu-
alisation, and programming in an environment where problems and solutions are expressed 
in familiar mathematical notation. It provides a broad range of numerical solvers for most 
types of differential equations, as well as optimization routines for parameter estimations. 
 
6.3.1 Stiffness 
 
A problem is described as “stiff” if solutions can change on a time-scale that is very short 
compared to the interval of integration. If a differential equation or a system of differential 
equations is determined to be stiff, a certain numerical method is necessary to provide an 
accurate and stable solution for the model system. Methods not designed for stiff problems 
are ineffective at intervals where the solution changes slowly, because they use time-steps 
too small or not small enough to resolve the fastest possible change. 
 
6.3.2 Numerical Solver 
 
The model consists of a system of coupled differential equations, identified as moderately 
stiff by investigation of the solution using different numerical solver types. The computation 
time was evaluated where non-stiff solvers appeared to be unduly slow. Matlab® provides a 
broad range of numerical solvers, from which the ode15s solver was selected for solving the 
equations. The ode15s is a variable-order multistep solver with a high stability and accuracy 
for stiff differential equations. A detailed description can be found in Shampine and Reichelt 
(1997).  
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6.4 Parameterization 
 
In order to parameterize the algae model, an extensive literature research was performed. 
This was a necessary approach in order to obtain comprehensive parameter values. An ex-
tensive literature research was performed to obtain data for a model parameterization. Litera-
ture often provided only value ranges for families, e.g., Scenedesmus spp., Cryptomonas 
spp., or values obtained by model fits or estimations. Therefore, an uncertainty of the biologi-
cal data should be considered. If no data for the respective species were available, data for 
similar related species, genera or families were considered. 
As a first step, the available values were implemented into preview parameter sets for the 
model. By using these sets, a sensitivity analysis was done in order to identify the key pa-
rameters that influence the simulations results. 
For the most sensitive parameters, values or ranges from literature were confirmed by own 
experiments. It was possible to determine parameter values for the respective algae species 
in good equivalence with the ranges found in literature (e.g. P-uptake rates vmax, minimum 
levels of P in algae cells qmin, or maximum growth rates µmax).  
As a next step, the new data related to the respective species, were considered for an im-
plementation into the parameter sets. Model verification and validation by additional inde-
pendent experiments provided standardized parameter sets, related to the physiological 
properties of the algae. The range of tests covered investigations on long-term growth, phos-
phate uptake, competition, capacity, light, temperature and nutrient limitation. The availability 
of standardized parameter sets made it possible to minimize the required input data for simu-
lations. In addition, the use of data which is routinely generated within the risk assessment 
framework is feasible without the requirement to perform additional studies. 
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6.4.1 Overview of Reported Parameter Values 
 
A summary of parameter ranges found in literature (for sources see Appendix 11.3) is given in the following table. The mean values and estima-
tions are either means of reported values or necessary estimations for a preliminary parameter set based on the reported ranges. This preliminary 
set was used for a sensitivity analysis of the model (see chapter 6.5). Bold indicated values are based on own experimental data and were later 
considered for standardized parameter sets. These data are equivalent to the ranges reported in literature. 
Table 6-5: Ranges of parameter values obtained from literature  
  
D. subspicatus P. subcapitata C. pyrenoidifera C. terricola 
Parameter Unit Range Mean/Estimate Range Mean/Estimate Range Mean/Estimate Range Mean/Estimate 
µmax d-1 
0.92-2.02 
1.20-1.80 
1.80 
1.74 
0.80-2.45 
1.20-1.80 
1.82 
1.78 
0.39-0.82 
0.80-1.00 
0.82 
1.00 
0.61-2.95 
0.80-2.10 2.10 
qmin µg P∙µg fwt-1 
0.00064-0.0021 
0.00040-0.0064 
0.0011 
0.00105 0.00067-0.0175 
0.0012 
0.0010 
0.00003-0.0010 
0.0038-0.00580 
0.00031 
0.0043 0.00005-0.09379 0.0026 
qmax µg P∙µg fwt-1 0.01200-0.0200 
0.0150 
0.0144 - 0.0175 - 0.0150 - 0.0187 
vmax µg P∙µg fwt-1∙d-1 
0.0207-0.15118 
0.0340-0.07580 
0.0524 
0.0519 0.0432-0.0552 0.0504 
0.00014-0.07464 
0.00240-0.07530 
0.0201 
0.0097 0.0049-0.02547 0.0084 
ks mg P∙L-1 0.00013-0.4840 0.0680 0.005-0.1 0.0625 0.00013-0.026 0.0260 0.00003-0.01598 0.0014 
mmax d-1 0.01-0.3 0.05 0.01-0.3 0.05 0.01-0.3 0.05 0.01-0.30 0.15 
Iopt µE∙m-2∙s-1 120-130 120 120-130 120 62-80 69 138-230 230 
Topt °C 27-37 27 - 28 20-24 22 22-23 23 
Tmax °C 35-42 35 35-42 42 35-42 35 30-42 30 
Tmin °C 0-8 0 0-8 0 0-8 0 0-8 0 
Cell volume µm³ 16-230 37-221 
70 
68 
9.5-60 
22-75 
50 
60 
617-4070 
239-1332 
1833 
563 
14-21301 
368-4008 
1974 
1002 
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6.5 Sensitivity Analysis 
6.5.1 Description 
 
A sensitivity analysis was done by evaluating the response of the model to a variation of pa-
rameters. This analysis allowed the identification of key parameters which are capable to 
influence the simulation results significantly. Simulation runs were set up using the standard-
ized parameter sets for D. subspicatus with default settings for the initial conditions of 
A = 1∙104 cells∙mL-1, P = 0.36 mg P∙L-1, T = 23°C and I = 76 µE∙m-2∙s-1. The simulation time 
was 14 days because all important growth phases (lag-phase, exponential growth phase, 
transition and stationary (steady-state) phase, see chapter 5.5) would appear within this pe-
riod. Each one of the parameters (µmax, qmin, qmax, vmax, ks, D and R0) was varied stepwise 
(±5% intervals) up to ±30% and their influence on biomass dynamics as model outcome was 
evaluated. Responses in biomass dynamics were considered significant for deviations >5%. 
The parameters D and R0 were varied under flow-through conditions with initial values of 
D = 0.5 d-1 and R0 = 0.36 mg P∙L-1. Both parameters form an exception as they relate to envi-
ronmental conditions without any physiological relation in the algae parameter set. All other 
parameters were varied under static conditions.  
Several model parameters are directly related to the maximum growth rate µmax and were not 
explicitly considered for the sensitivity analysis and thus kept constant. The parameters I, Iopt, 
T, Tmax, Tmin, and Topt are part of the forcing functions in the model and influence the growth 
rate immediately. Therefore, it was only considered necessary to explore the influence of the 
maximum growth rate itself on the biomass dynamics. The parameters qmin, qmax, vmax and ks 
are related to nutrient-uptake kinetics and variations would influence the biomass/population 
dynamics. D and R0 are important for simulations of flow-through conditions and an influence 
on biomass/population capacities and dynamics would be expected.  
The following diagrams show the deviation of the biomass from the basic case (y-axis) as a 
function of time and the value of the respective parameter.  
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6.5.2 Variation of µmax and qmin 
 
The variation of the maximum growth rate µmax resulted in significant changes of the biomass 
dynamics during the exponential growth phase (Figure 6-8). This parameter did not affect the 
population capacity. At the end of the simulations, identical capacities were achieved for 
each growth rate, but with a delay for a decreased µmax and an earlier achievement for in-
creased values of µmax. Results for a variation of the minimum P level in the cells qmin showed 
a different behavior: a variation directly affected the population capacity (Figure 6-9). Both 
parameters were identified as sensitive. 
 
Figure 6-8: Surface plot of variation of µmax 
 
 
Figure 6-9: Surface plot of variation of qmin 
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6.5.3 Variation of qmax, vmax and ks 
 
Variations of the maximum P level in algae cells qmax (Figure 6-10), the maximum P-uptake 
rate vmax (Figure 6-11) and the half saturation constant ks (Figure 6-12) resulted in minor re-
sponses of the biomass dynamics over the test period. Minor responses were mainly visible 
during the exponential growth phase with a maximum deviation on day 5. These parameters 
did not affect the population capacity. 
 
Figure 6-10: Surface plot of variation of qmax 
 
Figure 6-11: Surface plot of variation of vmax 
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Figure 6-12: Surface plot of variation of ks 
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6.5.4 Variation of D and R0 
 
Variations of the dilution rate D and R0, the inflow concentration of nutrients, resulted in a 
major change of biomass dynamics over the test period (Figure 6-13 and Figure 6-14). Varia-
tions of D showed strong responses during the exponential growth phase and moderate 
changes during the steady-state phase. The variation of R0 influenced the biomass dynamics 
during the transition- and steady-state-phase. The population capacity showed significant 
responses.  
 
Figure 6-13: Surface plot of variation of D 
 
Figure 6-14: Surface plot of variation of R0 
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6.5.5 Summary and Conclusion 
 
An overview of the results is given in Figure 6-15. The parameters µmax, D, R0 and qmin re-
sponded with significant deviations in biomass dynamics. This indicates the sensitivity of the 
model outcome (biomass dynamics) to these parameters. The other parameters revealed 
only low influence on the model results.  
 
Figure 6-15: Maximum change of biomass by ±30% variation of different parameters 
 
Variations of µmax showed an influence that mainly occurs during the exponential growth 
phase of the population. µmax can delay or reduce the time to achieve the transition phase. A 
lower growth rate resulted in a prolonged exponential growth phase due to increased nutrient 
availability. Conversely, a higher growth rates exhausted the available nutrients earlier. A 
change in µmax had effect on the population capacity, since the capacity is given by the total 
concentration of available nutrients. The influence of µmax during the exponential phase may 
be a relevant fact. A potential application of the model is the prediction of 72 h growth inhibi-
tion studies according to OECD 201, where the 72 h endpoint lies within the exponential 
growth phase. An influence on the endpoint values is therefore potential. Variations of qmin 
showed no effect on biomass dynamics during the exponential growth phase but resulted in 
a significant influence on the population capacity. The other parameters (qmax, vmax and ks) 
had minor influence on biomass dynamics during the exponential growth phase. Variations of 
122
93
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D identified the clear influence of this parameter on the biomass dynamics in the model. High 
deviations during the exponential phase resulted in an earlier or prolonged achievement of 
the steady-state condition. Furthermore, the parameter variations influenced the population 
capacity during the steady-state condition. The second parameter related to a simulation of 
flow-through conditions R0 showed also a high influence on the population capacity. This 
parameter describes the concentration of inflowing nutrients; with increasing nutrient concen-
tration, the population density increases, and vice versa. 
The results of the sensitivity analysis revealed the parameters µmax and qmin and the two envi-
ronmental parameters D and R0 as sensitive to the biomass dynamics in the model. For cali-
bration or optimization purposes, these sensitive parameters could be considered. Therefore, 
an optimization of other model parameters would potentially be obsolete. 
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6.6 Standardized Parameter Sets 
 
The standardized parameter sets of the model are provided in Table 6-6. These sets provide 
default settings of parameters which are related to the physiological properties of the algae 
species. 
Table 6-6: Standard parameter sets of the four different algae species 
Parameter Unit D. subspicatus P. subcapitata C. pyrenoidifera C. terricola 
µmax d-1 1.7380 1.7820 1.0000 2.1000 
qmax µg P∙µg fwt-1 0.0144 0.0175 0.0150 0.0187 
qmin µg P∙µg fwt-1 0.0011 0.0011 0.0038 0.0026 
vmax µg P∙µg fwt-1∙d-1 0.0520 0.0620 0.0097 0.0084 
ks mg P∙L-1 0.0680 0.0625 0.0260 0.0014 
mmax d-1 0.0500 0.0500 0.0500 0.2000 
Iopt µE∙m-2∙s-1 120 120 69 230 
Topt °C 27 28 24 22 
Tmax °C 35 42 35 30 
Tmin °C 0 0 0 0 
Cell vol. (mean) µm³ 67.9 50 1833 1001.5 
 
The model is now applicable for simulations of different types of algae tests including stand-
ard growth inhibition studies, P-uptake and capacity tests, and growth tests with different 
environmental conditions or higher-tier flow-through studies.  
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6.7 Model Setup for Simulations 
 
The standardized parameter sets were used to describe the physiological properties of the 
algae. The environmental boundary conditions of the experiments (i.e. light intensity, tem-
perature, P concentration in test medium, concentration of the test substance, dilution rate, 
inflowing P concentration or exposure pulses) as well as initial cell densities and simulation 
times were set according to the respective experiments. An overview of the initialization of 
the state variables and additional parameters shows that only data determined within the 
experiments were used as model input (Table 6-7 to Table 6-9). The remarks provide addi-
tional setup information for simulations of the respective experiments.  
Table 6-7: Setup of state variables for simulations 
State variable Unit Value Description 
A cells∙mL-1 according to test Algae cell density 
Q mg P∙L-1 Calc. in model, default 𝑄 = 𝑞𝑚𝑎𝑥−𝑞𝑚𝑖𝑛
2
 Internal P concentration in total algae cells 
- µg P∙µg fwt-1 𝑄
𝐴
 Q based on unit cells or fresh weight 
P mg P∙L-1 according to test medium P in medium 
C µg∙L-1 according to test Concentration of test substance 
 
Table 6-8: Setup for modelling based on experimental boundary conditions (1) 
Test Type Species* 
t 
[d] 
I 
[µE∙m-2s-1] 
T 
[°C] 
Remarks 
1-5, 9 Growth condition 1 17 92 21 0 mg P∙L-1 
2 Growth condition 1 17 92 21 P spike t=10, 0.18 mg P∙L-1 
6, 7 Growth condition 1 17 92 21 0.36 mg P∙L-1 
8 Growth condition 1 17 92 21 0.72 mg P∙L-1 
10 Growth condition 1 17 92 21 0.18  mg P∙L-1 
1 Growth condition 3 10 52 20 - 
2 Growth condition 3 10 28 20 - 
3 Growth condition 3 10 28 15 - 
1 Growth condition 4 10 52 20 - 
2 Growth condition 4 10 28 20 - 
3 Growth condition 4 10 28 15 - 
1,2, 5-7 Capacity 1 28 76 24 Long-term P-uptake data available 
3 Capacity 1 28 20 24 - 
4 Capacity 1 28 40 24 - 
1,2, 5-7 Capacity 2 28 76 24 Long-term P-uptake data available 
3 Capacity 2 28 20 24 - 
4 Capacity 2 28 40 24 - 
1-6 Capacity 3 37 76 24 Long-term P-uptake data available 
7 Capacity 3 37 40 24 - 
1-6 Capacity 4 37 76 24 Long-term P-uptake data available 
7 Capacity 4 37 20 24 - 
* 1 = D. subspicatus, 2 = P. subcapitata, 3 = C. terricola, 4 = C. pyrenoidifera 
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Table 6-9: Setup for modelling based on experimental boundary conditions (2) 
Test Type Species* t 
[d] 
I 
[µE∙m-2s-1] 
T 
[°C] 
Remarks 
1 P-uptake 1 0.35 35 20 A**, Q**, P spike t=0, 1.2 mg P∙L-1 
2 P-uptake 1 2 35 20 A**, Q**, P spike t=0, 1.4 mg P∙L-1 
3 P-uptake 4 0.35 35 20 A**, Q**, P spike t=0, 0.75 mg P∙L-1 
4 P-uptake 4 0.35 35 20 A**, Q**, P spike t=0, 0.45 mg P∙L-1 
1 Competition 1 vs. 2 47 76 24 Initial cell density ratio 1:1 
2 Competition 1 vs. 2 47 76 24 Initial cell density ratio 1:3 
3 Competition 1 vs. 2 72 76 24 Initial cell density ratio 3:1 
1 Competition 3 vs. 4 37 76 24 Initial cell density ratio 1:1 
2 Competition 3 vs. 4 33 76 24 Initial cell density ratio 1:3 
3 Competition 3 vs. 4 20 76 24 Initial cell density ratio 3:1 
1 Growth inhibition 1 3 76 23 ErC50 and 95% cl**, b**, k=0.017 d-1 
1a Growth inhibition 1 3 76 23 ErC50 and 95% cl**, b**, k=0.017 d-1 
2 Growth inhibition 2 3 76 23 ErC50 and 95% cl**, b**, k=0.017 d-1 
3 Growth inhibition 3 3 76 23 ErC50 and 95% cl**, b**, k=0.017 d-1 
4 Growth inhibition 3 3 76 23 ErC50 and 95% cl**, b**, k=0.017 d-1 
5 Growth inhibition 4 3 76 23 ErC50 and 95% cl**, b**, k=0.017 d-1 
P1 Flow-through 1 15 100 24 R0=0.36 mg P∙L-1, D=0.5 d-1, A = 1∙104 cells∙mL-1 
P2 Flow-through 1 15 100 24 R0=0.36 mg P∙L-1, D=0.5 d-1, A= 5∙103 cells∙mL-1 
P3 Flow-through 1 15 100 24 R0=0.36 mg P∙L-1, D=0.5 d-1, A = 2∙104 cells∙mL-1 
M1 Flow-through 1 52 100 24 ErC50=2±1 mg P∙L-1, b=3, R0=0.36 mg P∙L-1, D=0.5 d-1,EP***  
M2 Flow-through 1 69 100 24 ErC50 and 95% cl**, b**, R0=0.36 mg P∙L-1, D=0.5 d-1,EP*** 
M3 Flow-through 2 43 100 24 ErC50 and 95% cl**, b**, R0=0.36 mg P∙L-1, D=0.5 d-1,EP*** 
* 1 = D. subspicatus, 2 = P. subcapitata, 3 = C. terricola, 4 = C. pyrenoidifera 
** measured or calculated value used for modelling, *** EP = exposure pattern simulated according to nominal concen-
trations 
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7. The Algae Flow-through System 
7.1 The Chemostat Principle 
 
The chemostat theory and principle are widely known and chemostats were frequently ap-
plied as algae test systems to answer different questions concerning e.g. nutrient uptake of 
algae and intra- or interspecies resource competition, as well as the influence of toxicants on 
algae growth (Ahn 2002; Chen and Lin 1997; Lampert and Sommer 1999; Tilman 1982; 
Rhee 1973). A variety of simple models is available which describe the general population 
growth dynamics in chemostats (Beretta et al. 1990; Grover 1991; Mailleret et al. 2005; 
Smith and Waltman 1995). These models allow simulations of algae growth behavior in 
chemostat systems and of population responses influenced by stress. 
A suitable vessel (e.g. Airlifter) is required in which a nutrient medium is supplied with a con-
stant influx rate, provided by e.g. a magnetic stroke pump. Environmental conditions (light, 
temperature, aeration (CO2)) are also to be maintained constant as long as the system is 
used as a self-regulating system. In the same measure as fresh nutrient medium is supplied, 
consumed medium is removed by a spillover, including the organisms suspended. As long as 
the dilution rate (flow rate) D is lower than the maximum population growth rate µmax, a 
steady-state condition (equilibrium) will be achieved, where the gross growth rate corre-
sponds with the loss rate. The algae cell density in the chemostat remains constant; there-
fore, should fluctuations appear, the steady-state will be re-achieved by this self-regulating 
system. If the dilution rate is varied, the nutrient concentration also increases or decreases, 
and therefore the population density increases or decreases (Lampert and Sommer 1999; 
Smith and Waltman 1995). The self-regulation should be explained exemplarily: If the growth 
terms are favorable (e.g. for D. subspicatus) and growth rates of 1.386 d-1 (= 12 h generation 
time) are attainable and a chemostat volume of 1.5 L is used, a steady-state density of the 
alga biomass adapts itself in the chemostat as long as the volume change per time unit is 
less than 1.5 L per 24 h (e.g. 0.75 L in 24 h). 
 
  The Chemostat Principle The Algae Flow-through System 89 
7.1.1 Technical Description of the Flow-through System 
 
The flow-through system consisted of two autoclavable, double-coated Duran© glass reac-
tors (A and B) with a total volume of 2.5 L each, and a working volume of 1.5 L. The reactors 
had connection ports for the closed water circuit system and a discharge nozzle. The reactor 
caps were made of Duran© glass and had 6 connection ducts. The caps had an O-ring seal 
with a high-grade steel snap closure and were sealed airproof when closed. 
Each vessel was placed on a platform with implemented light tubes, a magnetic stirrer and 
an air flow meter. The light tubes were implanted on the platforms and encircled the glass 
reactor in a hexagon form. Light intensity was controllable in 4 steps, from ~7500-30000 Lux. 
The airflow-meter with a float was affixed beside the platform and allowed controlling the air 
flow into each reactor.  
Filtered air was fluxed into the system via the airflow-meter, where the amount of air per vol-
ume and time was adjusted. Between the pipe and the reactor, a sterile intake filter was in-
terconnected in order to ensure sterile air entering the system. The air inflow pipe was con-
nected to a ring sparger that discharges the air into the system by generating very small 
bubbles. The streaming air was able to maintain the level of CO2 in the system and to pre-
vent sedimentation of the algae. This effect was strengthened by the use of a magnetic stir-
rer (rpm 100-1500) which generated turbulences and also allowed a homogeneous distribu-
tion of any inflowing solutions. 
The reactors were connected to a closed water circuit thermostat that allowed adjustment of 
the water temperature over the whole operating period. Cold service water (5-15°C) was de-
livered to the thermostat. The cold water was then heated to the adjusted temperature and 
maintained the system under stable temperature conditions.  
The nutrient reservoir was made of a 20 L opaque glass vessel, also able to be autoclaved. 
Light-proof flexible Teflon® hoses connected the reservoir with a solenoid controlled pump 
and the reactor system. Two sterile filters, the first with 0.2 µm and the second with 0.1 µm 
pore size, were interconnected between the pump and the reactor inlet, in order to increase 
the certainty of sterile nutrient medium entering the system.  
During this work, the flow-through system was in permanent operation up to 69 days without 
the need of external modulation, due to the self-regulation properties of a chemostat. Pic-
tures of the flow-through system and a detailed 3D-model are shown in Figure 7-1, Figure 
7-2 and Figure 7-3. 
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Figure 7-1: Flow-through system under experimental conditions 
 
  
Figure 7-2: CO2 station and reactor system prior to test start 
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Figure 7-3: 3D model of the flow-through system 
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7.2 Factors of Influence for Growth in Chemostats 
 
Chemostats as self-regulating test systems allow a detailed investigation of factors of influ-
ence for algae growth. Variations of the dilution rate D, the P concentration that enters the 
system (R0) or the growth rate of the population µmax can cause responses in the population 
density in a flow-through system (see also chapter 6.5). A variation of one of these factors 
should enable an observation of the direct influence on the population density, expressed as 
loss or increase of biomass. An additional important factor is the inoculated initial cell density 
in a flow-through experiment. Variations influence the time to achieve a steady-state condi-
tion of the population density. Simulations were performed to demonstrate responses of pop-
ulation densities to variations of D, µmax, R0 or of the initial cell densities. In order to keep the 
model results clearly arranged, only one parameter, either the dilution rate, or the maximum 
growth rate, or the initial cell density was modified. The model runs assumed constant light 
and temperature conditions of 120 µE∙m-2∙s-1 and 24°C. Default settings of the standardized 
parameter set for D. subspicatus were used to consider the physiological properties of the 
algae population. Simulation time was 20 or 70 days. 
 
7.2.1 Variations of the Initial Cell Density 
 
Simulations with different initial cell densities of 1∙104, 10·104, 50∙104, 100·104, 250∙104 
cells∙mL-1 and a constant dilution rate of 0.5 d-1 were performed. The influence of the initial 
cell density on the achievement of a steady-state population density in the flow-through sys-
tem was evaluated (Figure 7-4). The model run with the initial cell density of 50·104 cells∙mL-1 
achieved a steady-state condition first of all on day 4. Populations with lower initial cell densi-
ties were in steady-state with a delay of 3 (for 10·104 cells∙mL-1) and 6 days (for 1∙104 
cells∙mL-1). Simulations with initial cell densities of 100∙104 and 250∙104 cells∙mL-1 started 
within an “overshooting” of the algae populations. This behavior can be observed after a start 
with high cell densities and is followed by a regulation to a steady-state condition. The simu-
lations can be used to determine optimum initial cell densities at a given dilution rate for flow-
through experiments. A reduction of the required time to attain a steady-state condition in 
experiments is therefore possible by inoculation with the optimum initial cell density. 
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7.2.2 Variations of the Dilution Rate 
 
In order to illustrate population dynamics at different dilution rates, an initial cell density was 
set to 1·104 cells mL-1 and various dilution rates of 0.1, 0.25, 0.5, 0.75 and 1.0 d-1 were as-
sumed for simulations. The dilution rate directly affects the population capacity and the time 
to attain a steady-state condition in the chemostat (Figure 7-5). The higher the dilution rate, 
the lower the population capacity at steady-state, and the longer it takes to achieve the 
steady-state. A dilution rate that exceeds the maximum population growth rate µmax (1.738 d-1 
for D. subspicatus, see 6.6) would lead to a washout of the population. Figure 7-6 shows 
simulations which started with a dilution rate of 0.5 d-1. On day 25, the dilution rate was in-
creased to different values (0.75, 1.0, 1.5 and 1.8 d-1) resulting in a visible washout of the 
populations and leading to a total extinction for the model run with D = 1.8 d-1. This is in-
volved by a D > µmax. For the other simulations, the populations will regulate to a new steady-
state after a period of biomass loss, as long as µmax > D and the specific growth rate µ ≥ D. 
 
7.2.3 Variations of the Maximum Growth Rate 
 
Results for simulations with various maximum growth rates are provided in Figure 7-7. Con-
stant dilution rates of 0.1, 0.25, 0.5, 0.75 and 1.0 d-1 were assumed and µmax (1.738 d-1) was 
quartered (µmax = 0.435 d-1 < D = 0.5 d-1) from day 25. A washout of the population started on 
day 25 and would extinct the population for dilution rates of D > µmax. For this example, this 
mechanism would occur if the population growth rate would be constantly inhibited more than 
71% (assuming a µmax of 1.738 d-1 and a dilution rate of 0.5 d-1). As long as the population 
has the possibility to recover a growth rate which exceeds the dilution rate (µ > D), a steady-
state (µ = D) would be attainable.  
 
7.2.4 Variations of the Inflowing Nutrient Concentration 
 
Simulations that illustrate population growth dynamics at various inflowing P concentrations 
(R0 = 0.36, 0.18 and 0.72 mg P∙L-1) are presented in Figure 7-8. Simulations with various R0 
illustrate the relation of this parameter to the population capacity. A doubling or a halving of 
the value of R0 results in a doubling or halving of the population capacity. In order to illustrate 
the influence of a potential time-varying inflow of nutrients, simulations were performed with a 
variation of R0 from day 25 to 40. The standard setting of 0.36 mg P∙L-1 was modified on day 
25 to 0.18 and 0.72 mg P∙L-1, respectively, and re-set to 0.36 mg P∙L-1 on day 40. The 
  
 Factors of Influence for Growth in Chemostats  The Algae Flow-through System94 
system regulated to new steady-state levels during day 25 to 40 and re-established the initial 
steady-state level after the re-set of R0 on day 40 (Figure 7-9). 
 
7.2.5 Simultaneous Variations of Factors of Influence for Growth 
 
The simultaneous variation of parameters in a flow-through system, which are known to have 
an influence on the population density, may cause effects on the population level which could 
not be clearly assigned to one parameter. As example, time-variable modifications of the 
inflowing nutrient concentration could result in a chaotic behavior of the algae population 
(Vayenas and Pavlou 1999). Surely, it is possible to consider a time-varying and simultane-
ous modification of parameters. But due to the multitude of combinations, it was not reason-
able to do this without the support of empirical data. 
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Figure 7-4: Population dynamics with different 
initial cell densities 
 
Figure 7-5: Population dynamics with different 
dilution rates 
 
Figure 7-6: Population dynamics with given µmax 
and varied dilution rate from day 25 
 
Figure 7-7: Population dynamics with different 
dilution rates and varied µmax from day 25 
 
Figure 7-8: Population dynamics with different 
nutrient inflows (R0) 
 
Figure 7-9: Population dynamics with time-variable 
nutrient inflows (R0) 
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7.3 Interpretation of Flow-through Experiments 
7.3.1 The Five Phases of an Exposure Event 
 
One advantage of a flow-through system is that, in contrary to static or semi-static experi-
ments, an inhibition of algae population growth and a potential population recovery is directly 
observable. The visible inhibition of algae growth by a growth inhibiting toxicant is expressed 
as loss of biomass (also see Figure 7-7) and a recovery is marked by a re-growth to an initial 
biomass level (steady-state). In the example of pesticide exposure, the growth rate inhibition 
would result in a loss of biomass as long as the actual exposure concentration would not 
allow a recovery of the population. The dynamic of a population in a flow-through experiment 
exposed to e.g. a herbicide can be divided into five phases as illustrated in Figure 7-10. Con-
sidering the population attained a steady-state (first phase), the population is exposed during 
a defined time period. The second phase (named reaction phase) shows the loss of biomass, 
involved by an inhibition of the growth rate (during this phase µ < D). The third phase can be 
seen as transition phase, where either the growth rate changeover to µ > D (reduction of the 
inhibition, e.g. due to substance dissipation from the system according to D) and the popula-
tion density starts to increase (peak exposure scenario), or the growth rate regulates to 
µ = D, where the population density achieves a steady-state (constant exposure scenario, 
see Figure 7-11). A recovery phase (phase four) only occurs in a peak scenario when the 
growth rate finally recovers to µ > D; i.e. the population starts to grow. The growth rate regu-
lates to µ = D and the population re-attains its initial steady-state level (fifth phase).  
 
Figure 7-10: Illustration of the five phases occurring in a flow-through experiment 
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7.3.2 The Usage of a ‘Static’ ErC50 under Flow-through Conditions 
 
The duration of a constant exposure period is important for an interpretation of time-variable 
exposure effects on algae populations. At a particular duration of a constant exposure period, 
an affected population in a flow-through system will stop to decrease and transits to achieve 
a new steady-state level (during the transition phase, µ < D → µ = D). Assuming an ErC50 
during the constant exposure period would lead to a constant 50% inhibition of µ (µmax when 
assuming non-limited growth). As long as a constantly inhibited µ exceeds D (µ > D), the 
growth rate would be able to regulate to a steady-state level (µ = D). After end of the con-
stant exposure period, a population will recover to its initial steady-state level according to 
the dissipation of the substance from the system according to D. If a population is constantly 
exposed to a concentration which leads to a permanent inhibition of µ (resulting in µ < D), the 
population would extinct. The algae would be washed out; this is illustrated for a permanently 
reduced µmax exemplarily in Figure 7-7.  
Simulations were performed to illustrate the above explained effect of a constant ErC50 expo-
sure period on algae populations in a flow through system. Population A was assumed to be 
constantly exposed to an ErC50 after achievement of its steady-state level. Population B 
grows untreated but with an assumed natural ½ µmax. Both populations were simulated in 
order to demonstrate the consistency between the regular steady-state level of the untreated 
population and the new steady-state level of the affected population during the constant ex-
posure period (Figure 7-11). Population A in simulation 1 attained its steady-state level on 
day 10. Population B with ½ µmax in simulation 2 shows a prolonged exponential growth 
phase, resulting in a delayed achievement of a lower steady-state level (see chapter 7.2.3 
and Figure 7-7). The exposure period started on day 25 and ended on day 45. Population A 
which was constantly exposed to an ErC50 showed a decrease of biomass. However, the 
population is able to attain a new steady-state level during the period of constant exposure. 
The growth rate regulated to the given dilution rate (µ = D, what determines the steady-state 
condition). This steady-state is on the same level as for population B. These simulations al-
lowed a visualization of the adaption of algae populations to new environmental conditions in 
a self-sustaining system (assuming the external stress of the substance to the population as 
‘environmental condition’). After end of the exposure period, population A recovered to its 
initial steady-state level.  
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Figure 7-11: Effects of a constant ErC50 exposure on a population 
compared with an untreated population with ½ µmax 
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7.3.3 The Dependency of the Duration of Exposure Events on the Effects on Algae 
 
The duration of an exposure event is one important aspect that has to be considered for the 
assessment of pesticide effects on population-level. A simulation of an algae population in a 
flow-through system was performed. The population is affected by three exposure peaks of 
the same height (ErC50), but with different duration (Figure 7-12). The first peak is based on a 
single short-time entry event, the second peak is constant for one day and the third peak is 
maintained constant for three days (this is the exposure duration of a standard growth inhibi-
tion study according to OECD 201). The first peak caused only low effects on the population 
density. However, with increasing duration of the exposure, the impact on the population be-
came stronger and the subsequent recovery phase is prolonged. This implies that the longer 
the exposure period, the stronger the decrease of the population expressed as loss of bio-
mass. This would be valid as long as the growth rate µ is lower than the dilution rate D 
(µ < D). For long-lasting periods of constant exposure, the growth rate would regulate to 
equal the dilution rate (µ = D) and would attain a new steady-state level (see chapter 7.3.2 
and Figure 7-11). The relevant duration of an exposure event that has to be considered in 
risk assessments, consists of the constant phase of exposure and the time for dissipation of 
the toxicant from the system according to D. Therefore, essential parameters are the dura-
tion of the constant exposure period and the area under the exposure curve. 
 
Figure 7-12: Population exposed to ErC50 peaks of different duration 
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7.3.4 The Dependency of the Slope of the Concentration-Effect Relationship 
 
The slope value of a concentration-effect curve at the ErC50 determines the range of concen-
trations which cause effects. Figure 7-13 presents a concentration-effect curve where differ-
ent slope values were assumed at a given ErC50 value. The lower the slope, the broader the 
range of concentrations causing effects.  
 
Figure 7-13: Concentration-effect curves with different slope values 
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It can be stated that the duration of the exposure event in relation to the slope at the ErC50, 
directly affects the intensity of the impact on the population density. The duration of a recov-
ery phase is another influencing factor of the slope. For all exposure regimes, the lower the 
slope, the longer the recovery phase. An explanation of this aspect could be given by con-
sidering the substance dissipation kinetics: the declining concentrations cause higher effects 
at low slopes than at a high slopes.  
 
Figure 7-14: Population in a flow-through system with different slope values 
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8. Results 
8.1 The Variance in Algae Growth Inhibition Studies 
 
Toxicity data for D. subspicatus and P. subcapitata are routinely generated during the risk 
assessment of pesticides. Standard growth inhibition studies for these species are performed 
according to the OECD 201 guideline. This guideline defines the range of environmental 
conditions in which the tests have to be performed. The results of algae toxicity tests can 
differ by up to three orders of magnitude (Nyholm and Källqvist 1989). For simulations of al-
gae growth, the physiological properties of the species are important, as well as the envi-
ronmental conditions of the experiments. Light, temperature, nutrients, and the initial cell 
density of a population in the batch are relevant for the growth of algae cells. Therefore, 
these factors are considered in the in the algae model due to their influence on the popula-
tion growth rate. The growth rate, in turn, is the most important influencing parameter on 
population dynamics (see Sensitivity Analysis, chapter 6.5).  
The question of how to predict growth inhibition studies with a model, if there is a high intra-
test variance of the results, made it necessary to determine why this variance occurs and 
how to evaluate it for modelling purposes. 
When considering the test conditions that are defined by the guideline, one finds specifica-
tions for light, temperature, nutrients in the test medium and initial cell densities of the algae. 
The light intensity should be in range of 60-120 µE∙m-2∙s-1 and the temperature 21-24±2°C. 
The initial cell density for both standard test algae ranges for D. subspicatus between 2 and 
5∙10-3 cells∙mL-1 (commonly used 5-15∙10-3 cells∙mL-1) and for P. subcapitata between 5∙10-3-
5∙10-4 cells∙mL-1. The phosphorus concentration in the test medium is specified with 0.36 
mg P∙L-1. It is important to note the specification of the initial cell densities: a quantification of 
very low cell numbers turned out to be very difficult to put into practice. Therefore, these 
measurements are often afflicted with high uncertainties. 
The total of growth inhibition studies owned by Bayer CropScience AG was performed ac-
cording to the OECD 201 guideline under Good Laboratory Practice (GLP). These data were 
provided for this work to generate an overview of the intra-test variance of algae toxicity stud-
ies. The number of tests with D. subspicatus and P. subcapitata consists of internal studies 
that were performed at facilities of Bayer CropScience AG, and of external studies that were 
conducted at contract laboratories. This data set covers 77 studies with D. subspicatus and 
478 control measurements at time 0, 24, 48 and 72 h. a total of 125 studies were available 
for P. subcapitata with 841 control measurements at time 0, 24, 48, 72 h and rarely at 96 h. 
Usually, the data included measurements of light and temperature during the experiments. 
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The cell densities at time 0 h were most commonly estimated at 1∙10-4 cells∙mL-1 and not 
explicitly measured after inoculation. This aspect could explain the low standard deviation of 
the cell densities at time 0 h. 
Mean values with standard deviations for cell numbers, as well as for light and temperature 
were derived from the data sets (Figure 8-1, Figure 8-2 and Table 8-1). The measurements 
of cell numbers showed high standard deviations at each sampling time. One important tox-
icity endpoint to be used in risk assessments is the 72 h growth rate. However, due to the 
high variance in cell density measurements, the value of the growth rate is afflicted with a 
higher uncertainty. The measurements of mean and maximum light intensities and of tem-
peratures are within specified range of the guideline. Minimum measured light intensities are 
outside the specified range of the guideline (potential outliers). 
 
Figure 8-1: Variance in 72 h growth inhibition tests 
Standard deviations of light, temperature, growth 
rates and cell numbers in 72 h growth inhibition 
studies 
 
Figure 8-2: Temperature and light intensities plot-
ted vs. 72 h growth rate  
 
Table 8-1: Variance in growth inhibition studies, D. subspicatus and P. subcapitata 
 Min Max Mean Stddev. Stddev. % 
Time (d) D. sub. P. sub. D. sub. P. sub. D. sub. P. sub. D. sub. P. sub. D. sub. P. sub. 
0 (0h) 0.5 0.4 1.4 1.0 0.8 1.0 0.2 0.1 31.8 9.8 
1 (24h) 0.9 0.4 17.2 17.2 4.2 4.9 2.1 2.1 51.2 42.9 
2 (48h) 4.8 2.3 109.4 95.3 19.7 23.5 15.3 13.8 77.9 58.6 
3 (72h) 15.8 12.2 306.3 489.8 77.9 85.6 53.3 51.9 68.5 60.7 
4 (96h) - 53.9 - 866.5 - 260.1 - 124.4 - 47.8 
Light 55.8 40.1 81.4 91.3 78.5 79.4 11.4 12.2 11.4 16.4 
Temperature 22 21.0 25.4 25.1 23.4 23.0 0.8 1.0 3.4 4.4 
Growth rate 0.9 0.8 1.9 2.1 1.4 1.5 0.2 0.2 15.9 12.8 
Units: cell densities [cells∙mL-1∙104], light intensity [µE∙m-2∙s-1], temperature [C°], growth rate [d-1] 
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A surface and contour fit (Figure 8-3 and Figure 8-4) using the Matlab® surface fitting tool 
was performed with the data of the determined 72 h growth rates and corresponding light 
and temperature measurements.  
 
Figure 8-3: Surface fit to data of growth rate vs. light and temperature 
 
Figure 8-4: Contour fit to data of growth rate vs. light and temperature 
 
A piecewise cubic interpolation was carried out with 𝑓(𝑙𝑖𝑔ℎ𝑡, 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) as piecewise cu-
bic surface computed from µ (72 h growth rate). The goodness of fit was evaluated by calcu-
lating the ‘Sum of Squares Due to Error’ (SSE) also called the summed square of residuals. 
This statistic measures the total deviation of the response values from the fit to the response 
values. The resulting value for the fit was 1.282∙10-30; a value close to 0 that indicates a small 
error component in the model. 
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These visualizations allowed representing at which environmental boundary conditions the 
maximum growth rates were obtained. Light intensity was normalized by mean 74.61±12.49 
µE∙m-2∙s-1 and temperature was normalized by mean 22.98±0.87 °C. This is in correspond-
ence with determined mean light intensities and temperatures from the available data. 
An Investigation whether the algae model can reflect the variance of the study data was the 
next step. Model runs were set up using initial conditions of cell densities for D. subspicatus 
and P. subcapitata of 0.5, 1, 1.5 and 3∙104 cells mL-1 in order to cover the ranges of the 
guideline for initial cell densities. Temperature was set to 21, 23 and 24°C and light to 60, 79 
and 120 µE∙m-2∙s-1. The temperature of 23°C and the light intensity of 79 µE∙m-2∙s-1 reflected 
the mean measured data from the total of 202 evaluated growth inhibitions studies. The 
standardized parameter sets for both algae were applied for simulations of the physiological 
properties of the species. The simulations were plotted together with the total of the control 
measurements for each species (Figure 8-5).  
 
Figure 8-5: Control measurements of 202 growth inhibition studies 
P. subcapitata and D. subspicatus, simulations with environmental conditions specified by the OECD 201 
guideline, and comparison with model predictions. 
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The mean light intensity (79 µE∙m-2∙s-1) and temperature (23°C) obtained from the data sets 
as well as the mean initial cell density of 1∙104 cells∙mL-1, were chosen as default setting for 
the standardized parameter sets for both species. Simulations for D. subspicatus and P. 
subcapitata (Figure 8-6) were done by using the new default setting of inoculated 1∙104 
cells∙mL-1 and the range of light and temperature conditions (21-24°C, 60-120 µE∙m-2∙s-1), in 
order to compare the model outcome with the mean measured data and standard deviations 
of the data set of growth inhibition studies.  
 
Figure 8-6: Simulations of 72 h growth with default parameter settings 
D. subspicatus (left) and P. subcapitata (right) are compared with the mean measured data and standard 
deviations 
 
The simulations provided an explanation of the variance in cell numbers and growth rates in 
algae growth inhibition studies. It becomes apparent, that by variations of light or tempera-
ture in the model within the specified range of the guideline, a large proportion of the vari-
ance in cell density measurements can be explained. Furthermore, if various initial cell densi-
ties are additionally taken into account, almost the whole spectrum of the variance is al-
legeable. It can be concluded, that this type of toxicity study can be predicted with a sufficient 
accuracy for D. subspicatus and P. subcapitata.  
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8.2 Static Algae Tests 
8.2.1 Growth Conditions 
8.2.1.1 Experimental and Modelling Results 
8.2.1.1.1 Variations of Nutrient Supply 
 
The experimental and modelling results of the 
ten growth tests with D. subspicatus are 
shown in Figure 8-7 and Figure 8-8. The black 
symbols depict the measured data and blue 
dashed and solid lines diagram the modelled 
cell densities. Error bars indicate standard 
deviations based on the three test replicates. 
Figure 8-7 shows the population dynamics of 
the starving cultures, grown in medium without 
P. After a short growth phase in the beginning, 
where the algae cells were able to exhaust 
their internal P storage, the culture began to 
attain its capacity, and remained on this 
steady-state until test end. Test 2 showed an 
increasing cell density after spiking of 0.18 
mg P∙L-1 into the test medium on day 10. The 
population was thereby able to achieve the 
capacity which it would have ordinarily at-
tained with 0.18 mg∙L-1 of P in the nutrient 
medium. Figure 8-8 shows the results of the 
four tests (test 6-8 and 10) that were conduct-
ed with different concentrations of P in the 
media at test start. The growth behavior de-
veloped as expected, and the concentration of 
P in the media defined the levels of the popu-
lation capacities. Simulations resulted in close 
agreement with the experimental data. The 
model was able to describe the influences of different nutrient states on the algae as well as 
the responses of the population growth after nutrient spiking in a good manner.
 
Figure 8-7: Cell densities of D. subspicatus grown in 
starving cultures 
 
Figure 8-8: Cell densities of D. subspicatus at three 
different nutrient conditions 
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8.2.1.1.2 Variations of Culture Media 
 
Though it was possible to grow C. terricola in all three media, WARIS-H was the optimal one. 
The growth of C. pyrenoidifera is shown in Figure 8-11, where very limited growth was visible 
in OECD 201 and KUHL medium. This may be explained by the nutrient requirements of the 
Cryptomonads. Important contents of WARIS-H medium are the soil-extract and the vitamins, 
both missing in the above mentioned media. 
An overview of determined 72 h growth rates during the experiments is provided in Figure 
8-10. Clearly visible are the differences in growth between the tested nutrient media. For 
these tests no modelling was performed, because the model is only able to take different P 
concentrations into account, but not growth limitations depending on other nutrients. 
The results of the six growth tests with C. ter-
ricola and C. pyrenoidifera are presented in 
Figure 8-9 and Figure 8-11. The black sym-
bols with solid connecting black lines depict 
the measured data. Error bars indicate stand-
ard deviations. Figure 8-10 depicts an over-
view of the 72 h growth rates for each species 
grown in three different nutrient media. Figure 
8-9 diagrams the cell numbers of C. terricola. 
Clear differences in growth appear between 
the different media.  
Figure 8-9: Growth of C. terricola in different nutri-
ent media 
 
Figure 8-10: Overview of 72 h growth rates (d-1) 
 
Figure 8-11: Growth of C. pyrenoidifera in different 
nutrient media 
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8.2.1.1.3 Variations of Light and Temperature 
 
The results of the ten growth tests are 
shown in Figure 8-12 (C. terricola) 
and Figure 8-13 (C. pyrenoidifera). 
The black symbols depict the meas-
ured data and blue dashed and solid 
lines diagram the modelled cell densi-
ties. Error bars indicate standard de-
viations based on repeated meas-
urements of the replicates.  
Figure 8-12 shows the growth of 
C. terricola influenced by different 
environmental conditions. The same 
is described in Figure 8-13 for C. pyr-
enoidifera. Population dynamics in 
test 2 showed light-limited growth 
when compared with test 1. Test 3 
with the lowest light and temperature 
showed slow growth over the test 
period. Simulations of the experi-
ments were possible in close agree-
ment with the measured data. The 
model described the light- and tem-
perature-limited population growth in 
a good manner. 
 
Figure 8-12: Cell densities of C. terricola grown at different 
environmental conditions 
 
Figure 8-13: Cell densities of C. pyrenoidifera at different 
environmental conditions 
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8.2.1.2 Discussion 
 
The experiments with D. subspicatus proved that even after a long-lasting starving period, 
the algae are able to grow again, as soon as nutrients are supplied. The supplied nutrient 
concentration corresponded to half the concentration in the OECD 201 medium. Accordingly, 
the population attained a halved capacity level. The simulations of population dynamics un-
der nutrient limitation agreed well with the measured values.  
The experiments with C. terricola and C. pyrenoidifera, which were carried out at different 
light and temperature conditions, showed population dynamics that were affected by the 
light- or temperature-induced inhibition of the growth rate. Simulation of population growth 
agreed well with the experimental data. The results confirm the reliability of parameter values 
found in literature that are related to light- and temperature-limited growth (6.4.1) for these 
species. 
The results of the experiments with different growth media identified WARIS-H as best medi-
um for growth experiments with C. terricola and C. pyrenoidifera. Very limited growth was 
observed in OECD and KUHL medium for C. pyrenoidifera and lower growth of C. terricola 
was observed if compared with WARIS-H. Therefore, the stock cultures and all experiments 
with these algae were carried out with WARIS-H medium, in order to guarantee an optimum 
supply of nutrients. 
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8.2.2 Capacity 
8.2.2.1 Experimental Results 
 
The experimental results of the capacity tests are presented in Figure 8-14 to Figure 8-21. 
Black, blue and red symbols describe the measured data. Symbols with solid lines describe 
population dynamics (Figure 8-14, Figure 8-16, Figure 8-18 and Figure 8-20) and symbols 
with dashed lines represent determined sectional growth rates (Figure 8-15, Figure 8-17, 
Figure 8-19 and Figure 8-21). Sectional mean growth rates were calculated as the specific 
growth rates for each sampling day, during the course of the test (e.g. days 0-1, 1-2, 2-4 or 
4-7). 
 
D. subspicatus and P. subcapitata 
The capacity tests 1, 2 and 5-7 performed with D. subspicatus and P. subcapitata showed 
similar logistic-like growth dynamics (Figure 8-14 and Figure 8-16). Exponential growth was 
observed until day 4-5, whereas after these days the growth rates decreased rapidly (Figure 
8-15 and Figure 8-17) due to the limited nutrient availability in the OECD 201 medium. This 
medium was developed to guarantee exponential growth until day 3, so the nutrient supply 
only satisfies this requirement. Logistic-like growth curves were observed with an increase of 
the population until day 10. The population achieved a steady state on day 10. The mean 
observed capacity for D. subspicatus was 489±36 cells∙mL-1∙104 and 565±31 cells∙mL-1∙104 
for P. subcapitata over all tests at test end. Test 3 and 4 were carried out with a low light in-
tensity over the test period. The mean determined population capacities were achieved but 
with a delay, according to the lower, light-limited growth rates during the tests. When com-
paring the sectional growth rates, the differences to the tests performed at lower light intensi-
ty are obvious. The maximum observed sectional growth rates over all tests were 1.8 d-1 for 
D. subspicatus and 2.0 d-1 for P. subcapitata. Determined light-limited maximum growth rates 
for D. subspicatus from test 3 and 4 were 0.6 d-1 and 1.2 d-1, respectively. For P. subcapitata 
values of 0.76 d-1 and 1.3 d-1 were determined for test 3 and 4, respectively. 
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C. terricola and C. pyrenoidifera 
The capacity tests with C. terricola and C. pyrenoidifera provided also logistic-like population 
growth dynamics over the test period (Figure 8-18 and Figure 8-20). Exponential growth was 
observed until day 4-7 for test 1-6 (both species) and until day 12 for test 7 (only C. terricola, 
also a lag-phase was observed until day 8). Growth rates decreased rapidly after day 4. The 
mean observed capacity for C. terricola was 144±19 cells∙mL-1∙104 and 61±13 cells∙mL-1∙104 
for C. pyrenoidifera at test end. The maximum observed growth rates were 1.4 d-1 for C. ter-
ricola and 1.0 d-1 for C. pyrenoidifera. The determined population capacity in the light-limited 
test with C. terricola was achieved with a delay on day 20. The light-limited maximum growth 
rate was 0.6 d-1. Due to the strong scatter of the measurements for C. pyrenoidifera, it was 
not possible to observe a clearly distinguishable difference in population growth in the light-
limited test.  
The tests for both species showed a strong scatter of the measurements of the population 
densities. One possible reason for the large scattering of the cell counts and the higher vari-
ability of the population capacity could be the problems in quantification of the algae cells. It 
was necessary to immobilize the algae cells for quantification. This resulted in cluster for-
mation and heterogenic, non-randomized distribution of the cells on the counting device; the 
cells of C. pyrenoidifera clumped even stronger than C. terricola. Another reason was the 
larger range of cell volumes of this algae species (see chapter 6.4.1), that leads to a hetero-
genic composition of cell volumes in each sample. Although the counting was conducted 8 
times for each sample, the cell counts resulted in high standard deviations. 
Table 8-2: Determined maximum growth rates and population capacities 
 Species Maximum growth rate µmax [d-1] 
Light intensity 
[µE∙m-2∙s-1] 
Population capacity 
[cells∙mL-1∙104] 
 D. subspicatus 1.8 76±10 489±36 
 P. subcapitata 2.0 76±10 565±31 
 C. terricola 1.4 76±10 144±19 
 C. pyrenoidifera 1.0 76±10 61±13 
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Figure 8-14: Capacity tests, measured population 
dynamics, D. subspicatus 
 
Figure 8-15: Capacity tests, sectional growth rates, 
D. subspicatus 
 
Figure 8-16: Capacity tests, measured population 
dynamics, P. subcapitata 
 
Figure 8-17: Capacity tests, sectional growth rates, 
P. subcapitata 
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Figure 8-18: Capacity tests, measured population 
dynamics, C. terricola 
 
Figure 8-19: Capacity tests, sectional growth rates, 
C. terricola 
 
Figure 8-20: Capacity tests, measured population 
dynamics, C. pyrenoidifera 
 
Figure 8-21: Capacity tests, sectional growth rates, 
C. pyrenoidifera 
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8.2.2.2 Modelling Results 
 
Figure 8-22 to Figure 8-29 present the modelled population dynamics and the corresponding 
regression of calculated vs. observed cell numbers. Measured cell numbers of the capacity 
tests were compared with the model predictions. Black, blue and red symbols depict meas-
ured data and the black, blue and red solid lines represent the simulated population dynam-
ics. 
Modelled population dynamics for D. subspicatus and P. subcapitata (Figure 8-22 and Figure 
8-24) are in good correspondence with the experimental data. The long-term growth behavior 
was simulated in close agreement with the observations, also for light-limited growth condi-
tions. Population capacities in the simulations were similar to the experimentally determined 
mean capacities. The observed vs. calculated plots for D. subspicatus and P. subcapitata 
(Figure 8-23 and Figure 8-25) show a very low scattering (r² = 0.97-0.99), demonstrating 
good conformance of the prediction with the experimental data. 
Population dynamics of C. terricola and C. pyrenoidifera were simulated in an acceptable 
manner (Figure 8-26 and Figure 8-28). Although there was a strong scatter in the measure-
ments, the general population dynamics were represented by the model. No systematic de-
viations were visible. The observed vs. calculated plots (Figure 8-27 and Figure 8-29) show a 
stronger scattering (r² = 0.86-0.94) when compared with the modelling results for D. subspi-
catus and P. subcapitata. This result is a consequence of the high variance of the measure-
ments and the corresponding high standard deviations. No systematic deviations were visi-
ble. 
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Figure 8-22: Capacity tests, modelled population 
dynamics, D. subspicatus 
 
Figure 8-23: Capacity tests, calculated vs. ob-
served, D. subspicatus 
 
Figure 8-24: Capacity tests, modelled population 
dynamics, P. subcapitata 
 
Figure 8-25: Capacity tests, calculated vs. ob-
served, P. subcapitata 
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Figure 8-26: Capacity tests, modelled population 
dynamics, C. terricola 
 
Figure 8-27: Capacity tests, calculated vs. ob-
served, C. terricola 
 
Figure 8-28: Capacity tests, modelled population 
dynamics, C. pyrenoidifera 
 
Figure 8-29: Capacity tests, calculated vs. ob-
served, C. pyrenoidifera 
 
 
0
50
100
150
200
250
0 10 20 30 40
C
el
l n
o.
 (
ce
lls
∙m
L-
1 ∙
10
4 )
Time (d)
Test 1-6 Modelled Test 1-6
Test 7 Modelled Test 7
R² = 0.94
0
20
40
60
80
100
120
140
160
180
200
0 50 100 150
O
bs
er
ve
d 
ce
ll 
no
. (
ce
lls
∙m
L-
1∙
10
4 )
Calculated cell no. (cells mL-1∙104)
Calculated vs. Observed
Linear (Calculated vs. Observed)
0
20
40
60
80
100
120
140
0 10 20 30 40
C
el
l n
o.
 (
ce
lls
∙m
L-
1 ∙
10
4 )
Time (d)
Test 1-6 Modelled Test 1-6
Test 7 Modelled Test 7
R² = 0.86
0
10
20
30
40
50
60
70
80
90
0 20 40 60 80
O
bs
er
ve
d 
ce
ll 
no
. (
ce
lls
∙m
L-
1 ∙
10
4 )
Calculated cell no. (cells mL-1∙104)
Calculated vs. Observed
Linear (Calculated vs. Observed)
  
 Static Algae Tests  Results118 
8.2.2.3 Discussion 
 
The capacity tests enabled a determination of maximum cell densities that a population can 
attain with a given nutrient concentration (Figure 8-30). The population capacity depends 
among other things on the nutrient supply (see also chapter 7.2.4 for a more detailed expla-
nation related to flow-through conditions). 
Capacity tests are required to parame-
terize the physiological properties of 
an algae species in the model. Other 
important parameters include the cell 
volume and the minimum concentra-
tion of P in the cells.  
The experiments with D. subspicatus 
and P. subcapitata showed low vari-
ance of the measurements under 
identical test conditions and the ca-
pacity data thus obtained, are plausi-
ble (according to the concentration of 
P in the OECD 201 culture medium). 
Experiments with C. terricola and 
C. pyrenoidifera resulted in relatively large scattering of the measurements. One explanation 
is the more difficult quantification of these flagellated species, which had to be immobilized 
before counting. This led to a formation of clusters and lumping. In addition, these species 
showed a large variability of cell volumes. Thus, the obtained values for capacities have a 
higher uncertainty. However, the model predictions still showed acceptable agreement with 
the measured data. The population dynamics were simulated qualitatively well, both under 
optimum and under light-limited conditions. Improved quantification of cell numbers could be 
achieved by use of a particle counter and an ultrasonic bath for disintegration of the cell clus-
ter formations (to be applied with care to avoid bursting of the cells).  
 
 
Figure 8-30: Overview of determined population capacities 
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8.2.3 Phosphate-Uptake 
8.2.3.1 Experimental and Modelling Results 
8.2.3.1.1 Short-term Tests 
 
Figure 8-31 to Figure 8-42 show the results of test 1-4. Black symbols show measured data 
and blue solid and dashed lines show model results. 
At test start t0 the phosphate was spiked into the test medium. The data in Figure 8-31, Fig-
ure 8-37 and Figure 8-38 show a slight increase of the algae cell density over the test period 
of test 1, 3 and 4, respectively. The cell densities in test 2 (Figure 8-32) increased stronger 
due to a growth period of 2 days. Simulations of the algae cell densities are in agreement 
with the experimental data; the increase of the cell densities after the spike of P was de-
scribed well by the model. 
The phosphate measurements in test 1, 3 and 4 (Figure 8-33, Figure 8-39 and Figure 8-40) 
resulted in a large scatter (due to measurement errors). An increase of the internal P 
concentration at t0 was observed (rapid P-uptake); no decrease was visible up to test end. 
The available phosphate concentration (Figure 8-35, Figure 8-41 and Figure 8-42) satisfied 
the demand of the algae cells in the test medium. In test 1 the storage capacity of the cells 
was reached and no more surplus uptake occurred. Test 3 and 4 show uptake of P until test 
end. In test 2, the phosphate spike at t0 resulted in a rapid uptake of the phosphate into the 
algae cells, followed by a decrease of the internal P concentration until test end (Figure 
8-34). The algae expended their internally stored P and were able to grow. The modelled 
internal P concentrations of algae cells in test 1, 3 and 4 (Figure 8-33, Figure 8-39 and 
Figure 8-40) describe the slight increase over the test period in acceptable agreement with 
the measurements. The internal concentration in test 1 and 4 approximated saturation at test 
end. Simulation results for the internal P concentration in test 2 (Figure 8-34) describe the 
rapid uptake of P followed by a fast decrease until test end in close agreement with the 
experimental data. 
The measured P concentration in the medium in test 1 (Figure 8-35) showed nearly no de-
crease over the test period. Obviously, the available P concentration exceeded the maximum 
uptake capacity of the algae cells. This could explain the nearly constant P concentration 
after the peak in the medium up to test end. Simulations were based on the nominal P con-
centration 1.2 mg∙L-1 and therefore, P dynamics in test 1 showed deviations when compared 
with the measurements. The phosphate concentration in the medium in test 2 (Figure 8-36) 
showed a fast decrease after the spike; available P in the medium was taken up rapidly by 
the algae cells. The same dynamics were observed for test 3 and 4 (Figure 8-41 and Figure 
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8-42). The simulated P dynamics in the medium before and after spiking described the 
measured data very well.  
The parameter values determined in the experiments are provided in Table 8-3. The values 
are in close accordance with ranges found in literature (see chapter 6.4.1). 
Table 8-3: Experimentally determined parameter values 
Parameter Unit Range Geometric mean Species 
qmin µg P∙µg fwt-1 
0.0004-0.0064 0.0011 D. subspicatus 
0.0038-0.0058 0.0043 C. pyrenoidifera 
vmax µg P∙µg fwt-1∙d-1 
0.0340-0.0758 0.0519 D. subspicatus 
0.0024-0.0753 0.0097 C. pyrenoidifera 
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Figure 8-31: P-uptake test 1, cell densities 
 
Figure 8-32: P-uptake test 2, cell densities 
 
Figure 8-33: P-uptake test 1, P in biomass 
 
Figure 8-34: P-uptake test 2, P in biomass 
 
Figure 8-35: P-uptake test 1, P in medium 
 
Figure 8-36: P-uptake test 2, P in medium 
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Figure 8-37: P-uptake test 3, cell densities 
 
Figure 8-38: P-uptake test 4, cell densities 
 
Figure 8-39: P-uptake test 3, P in biomass 
 
Figure 8-40: P-uptake test 4, P in biomass 
 
Figure 8-41: P-uptake test 3, P in medium 
 
Figure 8-42: P-uptake test 4, P in medium 
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8.2.3.1.2 Long-term Tests 
 
The experimental and modelling results for all species are presented in Figure 8-43 to Figure 
8-50. Black symbols show measured data and black solid and dashed lines the correspond-
ing simulations. Black dotted lines depict the calculated confidence interval of the P meas-
urements due to standard deviations of measured cell numbers (calculations of P concentra-
tions in algae biomass related to cell numbers). 
The population growth followed logistic dynamics in all cases and was well described by the 
model. Deviations were visible for C. terricola and C. pyrenoidifera; the experimental data 
showed a strong scatter due to quantification problems with these algae species (Figure 8-47 
and Figure 8-49). An additional explanation may be a potential less good parameterization of 
these species. The decrease of the measured P concentration in the media was in 
correspondence with the population growth for all species. An exhaustion of P in the media 
was observed for D. subspicatus and P. subcapitata after 3 days (Figure 8-43 and Figure 
8-45) and for C. terricola and C. pyrenoidifera after 5 days. After the P concentration in the 
media reached zero, the algae were able to grow further until their internal P storage was 
exhausted. The general P dynamics in the media and in the biomass was simulated by the 
model in agreement with the measurements. Simulations of the P concentration in medium 
for D. subspicatus and P. subcapitata corresponded to the measurements (Figure 8-44 and 
Figure 8-46). The modelling results for C. terricola and C. pyrenoidifera show slight 
deviations to the experimental data; the model predicted a faster decrease of the P 
concentration (Figure 8-48 and Figure 8-50). Additional investigations related to nutrient 
uptake processes for these species could help to identify the needs for an improvement of 
the parameterization or of the related processes in the model. 
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Figure 8-43: Long-term P-uptake, cell densities, P 
in medium, D. subspicatus 
 
Figure 8-44: Long-term P-uptake, P in biomass, 
D. subspicatus 
 
Figure 8-45: Long-term P-uptake, cell densities, P 
in medium, P. subcapitata 
 
Figure 8-46: Long-term P-uptake, P in biomass, 
P. subcapitata 
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Figure 8-47: Long-term P-uptake, cell densities, P 
in medium, C. terricola 
 
Figure 8-48: Long-term P-uptake, P in biomass, 
C. terricola 
 
Figure 8-49: Long-term P-uptake, cell densities, P 
in medium, C. pyrenoidifera 
 
Figure 8-50: Long-term P-uptake, P in biomass, 
C. pyrenoidifera 
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8.2.3.2 Discussion 
 
A good database of parameter values is essential to simulate an alga species in a reliable 
manner with regards to its most important physiological properties. Nutrient uptake kinetics 
and related parameters form an important part of the model. The short-term experiments 
carried out during this work, enabled a determination of different parameter values of the 
respective algae species, with a good correspondence to values found in literature. Simula-
tion results for the short-term experiments confirmed a takeover of the experimentally deter-
mined parameter values into the standardized parameter sets. 
The performed long-term tests provided appropriate data sets for a successful model valida-
tion of the long-term P dynamics in algae cells. The model proved its capability to describe 
the general dynamics in a satisfying manner. This also matters, because parameter values 
related to nutrient kinetics play a role, as soon as interspecific competition comes into play. If 
miscellaneous algae compete for a nutrient resource, parameter values like maximum nutri-
ent uptake rates, half-saturation constants and minimum nutrient concentrations in the algae 
cells are increasingly important, because these decide inter alia the dominance of the re-
spective species in the model. The plausibility of the used parameter values was confirmed 
by simulations of the competition tests (chapter 8.2.4).  
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8.2.4 Competition 
8.2.4.1 Experimental and Modelling Results 
8.2.4.1.1 D. subspicatus vs. P subcapitata 
 
The results of the competition tests with three different ratios of initial cell densities, corre-
sponding simulation results and calculated vs. observed plots are presented in Figure 8-51 to 
Figure 8-56. The symbols and circles depict the measured data and the blue dashed and 
solid lines diagram the modelled cell numbers. Error bars indicate standard deviations based 
on replicates.  
All experiments showed a clear dominance of P. subcapitata over D. subspicatus. Figure 
8-51 shows the results for a relation of 1:1 in the initial cell densities of the algae. Population 
densities of both species initially increased, but competitive displacement started after ap-
proximately 5 days. A slight decline of D. subspicatus and an increase of P. subcapitata were 
visible until test end. An initial cell density ratio of 1:3 in favor of P. subcapitata is shown in 
Figure 8-53. Due to the initial advantage, P. subcapitata was able to develop a dense popu-
lation at the beginning, whereas D. subspicatus only grew to ~5 times lower cell numbers. In 
Figure 8-55, D. subspicatus started with a 3:1 relation of initial cell numbers and was able to 
grow faster to a higher level. However, the growth curve of D. subspicatus shows a decline 
after reaching an assumed nutrient limitation after 5 days. A gradual displacement of D. sub-
spicatus is visible until test end. 
Because of the use of OECD 201 medium, a nutrient limitation is obvious from day 4. After 
that time, both algae could grow by consumption of their internal phosphate, stored in the 
early growth phase. As soon as this storage is exhausted, dead cells of D. subspicatus can 
be used for growth of P. subcapitata. The long-term trends of all experiments showed the 
initial cell density may only delay the displacement of D. subspicatus by P. subcapitata, but 
cannot change the dominance relations. 
Simulations of completion dynamics by taking different ratios of initial cell densities into ac-
count resulted in close agreement with the experimental findings. The model predicted the 
outcome of the experiments and the dominance relations in a good manner. The calculated 
vs. observed plots provided high r² values, confirming the ability of the model to predict com-
petition experiments with D. subspicatus and P. subcapitata. 
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Figure 8-51: D. subspicatus vs. P. subcapitata, 1:1 
ratio, cell densities 
 
Figure 8-52: D. subspicatus vs. P. subcapitata, 1:1 
ratio, calculated vs. observed 
 
Figure 8-53: D. subspicatus vs. P. subcapitata, 1:3 
ratio, cell densities 
 
Figure 8-54: D. subspicatus vs. P. subcapitata, 1:3 
ratio, calculated vs. observed 
 
Figure 8-55: D. subspicatus vs. P. subcapitata, 3:1 
ratio, cell densities 
 
Figure 8-56: D. subspicatus vs. P. subcapitata, 3:1 
ratio, calculated vs. observed 
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8.2.4.1.2 C. terricola vs. C. pyrenoidifera 
 
The experimental and modelling results and calculated vs. observed plots of the competition 
tests with three different ratios of initial cell densities are shown in Figure 8-57 to Figure 8-62. 
Experimental data is diagrammed by black symbols and circles and model predictions are 
presented with blue dashed and solid lines diagram. Error bars indicate standard deviations 
based on replicates.  
Figure 8-57 shows the results for an initial cell number ratio of 1:1. No clear difference in 
growth is visible until approximately day 10. The experimental data is strongly scattered due 
to quantification difficulties and resulting measurement errors. However, there is a displace-
ment of C. pyrenoidifera visible until test end. The model described the growth trend with an 
r² of 0.74.  
The 1:3 ratio of initial cell densities in favor of C. pyrenoidifera (Figure 8-59) resulted in an 
initial increase of cell numbers until day 7, beyond the level of C. terricola, but thereafter the 
population declined until end of the test. In contrast, C. terricola was not able to develop high 
population densities in the beginning. However, the cell numbers subsequently increased up 
to test end and the superiority of C. terricola was observable. Simulation of the experimental 
data resulted in an r² of 0.73. 
For ratios 1:1 and 1:3, systematic deviations are visible where the model under- or over-
estimated the population dynamics. The strong scatter of the data and a potential less good 
parameterization of the species related to nutrient kinetics may be an explanation. 
The results for an initial cell density ratio of 3:1 for C. terricola vs. C. pyrenoidifera are shown 
in Figure 8-61. There is a clear dominance of C. terricola; the species developed a strong cell 
density from the beginning and C. pyrenoidifera was only able to grow much lower cell num-
bers, which in addition decreased visibly over the course of the experiment. The predicted 
curves show correspondence with experimental data (r² = 0.94). 
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Figure 8-57: C. terricola vs. C. pyrenoidifera, 1:1 
ratio, cell densities  
 
Figure 8-58: C. terricola vs. C. pyrenoidifera, 1:1 
ratio, calculated vs. observed 
 
Figure 8-59: C. terricola vs. C. pyrenoidifera, 1:3 
ratio, cell densities  
 
Figure 8-60: C. terricola vs. C. pyrenoidifera, 1:3 
ratio, calculated vs. observed 
 
Figure 8-61: C. terricola vs. C. pyrenoidifera, 3:1 
ratio, cell densities  
 
Figure 8-62: C. terricola vs. C. pyrenoidifera, 3:1 
ratio, calculated vs. observed 
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8.2.4.2 Discussion 
 
In summary, the qualitative findings of the competition experiments describe clear trends for 
the superior and inferior species in both combinations of algae. The first sign of competition 
in the tests was always observed sometime after the external phosphate had been exhaust-
ed. 
Quantitatively and qualitatively, the predicted time series of competition were in very close 
agreement with experimental results for the combination of D. subspicatus vs. P. subcapi-
tata. The long-term trends of the competition experiments indicate the initial cell density may 
only delay the displacement of D. subspicatus by P. subcapitata but cannot change the dom-
inance relations. These algae have similar parameter values of physiological properties 
(similar UPmax, mmax, ks and qmin) and the good correspondence between model calculations 
and experiments is especially remarkable. The experiments of C. terricola vs. C. pyrenoidif-
era resulted in a dominance of C. terricola. However, there was a larger scattering of the ex-
perimental data, which was caused by quantification difficulties and measurement errors for 
these species.  
The model described the qualitative trend of the combination C. terricola vs. C. pyrenoidifera 
in an acceptable manner. A more accurate determination would lower the uncertainty of pa-
rameter values for these algae and may result in quantitatively improved simulations of this 
combination of competition. Parameters like the half-saturation constant, the mortality rate, 
the P-uptake rate or the minimum P concentration in the cells may have an influence on the 
outcome of a simulation of competition. In addition, several factors not yet considered in the 
model, might be relevant. These include (1) temperature- or competition-induced mortality, 
(2) variable cell volumes that depend on the nutrient status and (3) cell size-dependent up-
take rates. Light adsorption spectra could also be important for competition outcomes (Huis-
man et al. 1999) and flow-through experiments would describe the outcome of the competi-
tion in a more detailed and faster way (Ahn 2002). Nevertheless, the experiments successful-
ly confirmed the expected dominance and proved that the model was able to simulate the 
test results, only by taking the environmental boundary conditions of the experiments as in-
put data into account. 
Another important question that has to be answered in future is the potential reverse domi-
nance of species competition under exposure of a pesticide. As example, two species A and 
B are in competition for one nutrient, showing dominance of species A. Species B has a low-
er sensitivity to a herbicide when compared with Species A. During pesticide exposure it is 
possible to reverse the dominance of species A to Species B. Also, in case the exposure 
period exceeds a certain time-period, it could be possible for Species B to invade a niche 
and permanently change the dominance relation to its favor. The experiments proved that 
also under static batch conditions statements about dominance of algae can be made. 
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8.2.5 Growth Inhibition 
8.2.5.1 Experimental Results 
 
All growth inhibition experiments with the standard test species fulfilled the validity criteria 
according to the OECD 201 guideline (see OECD (2006) for details). An overview on deter-
mined ErC50 values is provided in Figure 8-63. C. pyrenoidifera is the most sensitive of the 
tested species. A re-evaluated study with D. subspicatus (data from Fischer 1986) and the 
own study provided a close agreement of ErC50 values and their 95% confidence limits. 
P. subcapitata showed a slightly lower sensitivity to isoproturon but ranging in the same 
magnitude. The two growth inhibition studies with C. terricola confirmed a good reproducibil-
ity of the test results.  Both provided similar ErC50; however, the second study facilitated to 
lower the range of the 95% confidence limits.  
 
Figure 8-63: ErC50 values with 95% confidence limits for isoproturon 
 
Figure 8-64 and Figure 8-69 provide the six concentration-effect curves and the underlying 
data points. Circles show the measured growth inhibition at the appointed treatment level. 
Solid and dashed lines show the fitted probit function and its 95% confidence limits, respec-
tively. 
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Figure 8-64: Concentration-effect curve, test 1, 
D. subspicatus 
 
Figure 8-65: Concentration-effect curve, re-
evaluated test (Hoechst), D. subspicatus 
 
Figure 8-66: Concentration-effect curve, test 2, 
P. subcapitata 
 
Figure 8-67: Concentration-effect curve, test 3, 
C. terricola (1) 
 
Figure 8-68: Concentration-effect curve, test 4, 
C. terricola (2) 
 
Figure 8-69: Concentration-effect curve, test 5, 
C. pyrenoidifera 
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8.2.5.2 Modelling Results 
 
In order to simulate growth inhibition of algae populations, it was necessary to determine 
ErCx values. ToxRat© calculates an effect according to a given concentration; this enabled to 
determine ErCx values from each corresponding concentration-effect curve. In addition, the 
slope of the concentration-effect curve at the ErC50 is needed as input parameter for the ef-
fect model (Equation 12). The slope was calculated by fitting Equation 12 to the underlying 
concentration-effect data (ErCx) using an Excel solver. Table 8-4 provides an overview of the 
determined slopes and toxicity data used for modelling purposes.  
Table 8-4: Isoproturon ErC50 values with confidence limits and slopes 
Test Species ErC50 [µg∙L-1] 95% confidence limit [µg∙L-1] Slope at ErC50 
1 D. subspicatus 115 81-161 1.268 
2* D. subspicatus 109 76-156 1.090 
3 P. subcapitata 128 89-185 1.199 
4 C. terricola (1) 174 162-187 1.230 
5 C. terricola(2) 184 140-243 1.439 
6 C. pyrenoidifera 48 47-50 2.448 
*re-evaluated study, Fischer (1986) 
 
Modelling results and calculated vs. observed plots are presented in Figure 8-70 to Figure 
8-81. Only treatments that showed a significant effect in a study were modelled. All calcula-
tions were based on nominal initial concentrations of isoproturon. The blue circles and solid 
blue lines represent measured and modelled control populations, respectively. Measured and 
modelled treated populations are depicted as grey shaded symbols and solid lines, respec-
tively. The dashed lines describe simulations based on the upper and lower 95% confidence 
limits of the ErC50 values. 
The model described the control and treatment populations in agreement with experimental 
data (high r² values). Initial cell densities in the model were based on mean measured cell 
densities of the controls. Therefore, slight deviations between simulations and experimental 
data can be explained by considering different initial cell densities in the treatments. In addi-
tion, known difficulties in quantification of low cell densities, especially at test start, have to 
be taken into account. Even where a model calculation did not match the absolute values of 
the measured data, the percentage of effect compared to a simulated control in each treat-
ment was according to the experimental data. 
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Figure 8-70: Growth inhibition test 1, cell densities, 
D. subspicatus 
 
Figure 8-71: Growth inhibition test 1, calculated vs. 
observed 
 
Figure 8-72: Growth inhibition test (Hoechst), cell 
densities, D. subspicatus 
 
Figure 8-73: Growth inhibition test (Hoechst), cal-
culated vs. observed 
 
Figure 8-74: Growth inhibition test 2, cell densities, 
P. subcapitata 
 
Figure 8-75: Growth inhibition test 2, calculated vs. 
observed 
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Figure 8-76: Growth inhibition test 3, cell densities, 
C. terricola 
 
Figure 8-77: Growth inhibition test 3, calculated vs. 
observed, C. terricola 
 
Figure 8-78: Growth inhibition test 4, cell densities, 
C. terricola 
 
Figure 8-79: Growth inhibition test 4, calculated vs. 
observed, C. terricola 
 
Figure 8-80: Growth inhibition test 5, cell densities, 
C. pyrenoidifera 
 
Figure 8-81: Growth inhibition test 5, calculated vs. 
observed, C. pyrenoidifera 
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8.2.5.3 Discussion 
 
The growth inhibition experiments generated toxicity data for the selected algae and provided 
an overview on species sensitivity to isoproturon. Furthermore, the tests generated data for 
effect modelling on population level and form an essential part of the combined experi-
mental/modelling approach. The simulations verified the capability of the model to describe 
effects of isoproturon on population level. Only the standardized parameter sets and envi-
ronmental boundary conditions were used as model input without any fitting or optimization.  
One important part of this work was the development and application of the algae model. It 
was necessary to show basic applications of the model and its capability to simulate pesti-
cide effects on algae growth. The toxicity data obtained from growth inhibiton studies, build 
the fundament for modelling the effects of pesticides on algae. It was confirmed that the 
model is able to simulate algae growth in a static environment with a single peak exposure. 
Therefore, a proceeding to simulations of flow-through conditions with exposure in a time-
varying scale was reasonable. 
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8.3 Flow-through Algae Tests 
8.3.1 Preliminary-Tests 
8.3.1.1 Experimental and Modelling Results 
 
Example results of the preliminary tests which were carried out in order to investigate the 
flow rate accuracy of the solenoid pumps and the temperature stability in the reactor system 
are provided in Figure 8-82 and Figure 8-83. The measured flow rates (<1.9% deviation) and 
temperatures remained very stable to the adjusted values over the whole test period.  
Experimental and modelling results of the three preliminary growth tests with D. subspicatus 
are presented in Figure 8-84 and Figure 8-85. A relative long lag-phase was visible until day 
3-4, when the cells adapted to their new environment. An exponential growth phase was ob-
served from day 4-7. The cell densities started to oscillate from day 7, but began to regulate 
to a steady-state phase.  
Measured and modelled cell densities are presented in Figure 8-85. The blue solid line rep-
resents modelling results using an initial cell density of 1∙104 cells∙mL-1. Blue dashed lines 
show simulations with an initial cell density of 5∙103 and 2·104 cells∙mL-1. This range of initial 
cell densities represents a conservative confidence limit, in order to cover quantification er-
rors at low cell densities. A variation of the initial cell density could result in an earlier or de-
layed achievement of a steady-state level (see chapter 7.2.1). Model results are qualitative in 
accordance with the population dynamics observed in the tests. The model cannot reflect a 
lag-phase at the beginning of test 1-3. Quantification problems with low cell densities at test 
start are a known issue. By considering different initial cell densities for modelling purposes, 
variances in the growth behavior during the exponential growth phase can be taken into ac-
count.  
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Figure 8-82: Test of flow rate accuracy of solenoid 
pumps 
 
Figure 8-83: Test of temperature stability in the 
reactor system 
 
Figure 8-84: Preliminary flow-through tests, meas-
ured cell densities 
 
Figure 8-85: Preliminary flow-through tests, mod-
elled cell densities 
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8.3.1.2 Discussion 
 
The test runs provided good impressions of the growth behavior of algae populations during 
the early phases of a flow-through test. In addition, the preliminary tests allowed an identifi-
cation of potential intermittent failures or technical problems, which could occur and need to 
be considered during an experiment. The environmental boundary settings of the system 
were stable over the test period, and except of the lag phases in the beginning of the test 
runs, the biomass growth was as expected. The model has not the capability to reflect the 
lag-phases, which occurred in the beginning of the flow-through tests. This aspect may not 
be considered as relevant; due that the intermediate steady-state phases in a flow-through 
experiment are more important for interpretation of exposure events than the growth dynam-
ics after start (see chapter 7.3). Another fact was observed: the size of the cell volumes of 
D. subspicatus decreased after leaving of the exponential growth phase (data not shown). 
However, this was an expected issue; the cell volume depends on the internal P concentra-
tion. Thus, at steady-state, this concentration is provided at its minimum level, associated 
with low cell volumes (Lampert and Sommer 1999; Nyholm 1977). The tests confirmed the 
suitability of the experimental set-up for a continuous cultivation of algae populations. An 
evaluation of the experimental data in parallel with a model application provided reliable re-
sults, and made proceeding to the main tests reasonable. 
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8.3.2 Test with 3,5-dichlorophenol 
8.3.2.1 Experimental and Modelling Results 
 
The results of the experiment are presented in Figure 8-86. The reactor system was inocu-
lated with an initial cell density of measured 4·104 cells∙mL-1. After a lag phase in the begin-
ning, exponential growth was observed from day 4 to day 9. A first steady-state condition 
(mean 490±30∙104 cells∙mL-1) was attained on day 10; the variation of the cell densities was 
< 5% for three consecutive days. After 5 days of steady-state, the first peak of the test sub-
stance, with a nominal concentration o6.4 mg∙L-1, was manually applied on day 14 and held 
constant for 18 hours. The cell densities decreased until day 4 after exposure. Dissipation of 
the substance from the system according to the dilution rate started immediately after appli-
cation. On day 4 after exposure, the substance concentration in the system reached a level 
that allowed a recovery. The population began to recover rapidly and re-attained the steady-
state condition 6 days after start of the recovery phase. The steady-state phase was main-
tained for 13 days; at day 37 the second substance peak was applied similar to the first peak. 
The treated algae population showed a behavior likewise after the first peak: the cell densi-
ties decreased for 3 days and a turnover to a recovery phase was observed 1 day later. The 
recovery phase lasted for 5 days and a steady-state was achieved on day 52, the end of the 
experiment. 
The model predictions of the algae growth dynamics, including the effects of the test sub-
stance on the populations and the subsequent recovery phases, agreed well with the exper-
imental data. The lag-phase in the beginning was not reflected by the model. Actually, there 
is no time-delayed growth function implemented in the model. However, an extension of the 
model in order to take a time-delayed growth response or a nutrient cycling into account is 
easily possible (Beretta et al. 1990; Xia et al. 2005). The increase of the population density 
during the exponential growth phase was predicted acceptable in quality, but was slightly 
over-estimated with systematic deviations in quantity. A potential reason may be that only 
assumptions for toxicity data (ErC50 2±1 mg∙L-1 and slope 3) were used for modelling purpos-
es. The observed decrease of the cell densities after the exposure peaks, and the subse-
quent recovery followed by a re-attained steady-state, was predicted in agreement with the 
measured data.  
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Figure 8-86: Flow-through main test 1 with D. subspicatus exposed to 3,5-dichlorophenol 
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8.3.2.2 Discussion 
 
The results confirmed the suitability of the test setup to assess the effects of time-variable 
exposure on algae. The predictions confirm a reliable application of the model for higher-tier 
flow-through experiments. Growth-inhibiting effects of the test substance on algae during 
exposure were expressed as loss of biomass. Also, the subsequent recovery phases oc-
curred as expected due to substance dissipation from the system according to the flow rate. 
The population recovered after each exposure event to their initial steady-state level. 
A proof of the good reproducibility of the experiment is shown in Figure 8-87. Measured cell 
densities were stacked in the plot in order to illustrate the similarity of the population dynam-
ics before, during, and after the exposure period.  
 
Figure 8-87: Reproducibility of flow-through main test 1 
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8.3.3 Tests with Isoproturon 
8.3.3.1 FOCUS Step 3 Calculations 
 
FOCUS Step 3 calculations with isoproturon were performed using the FOCUS models (FO-
CUS SWASH v. 3.1, FOCUS PRZM v. 2.4.1, FOCUS MACRO v. 3.3.1 and FOCUS TOX-
SWA 3.3.1), in order  to obtain realistic aquatic exposure patterns of isoproturon. Isoproturon 
was annually applied in autumn at a typical use rate of 1500 g active substance per hectare 
The FOCUS D2 drainage scenario with a ditch was identified as worst-case (Figure 8-88, A) 
with a maximum concentration (PECmax) of 85 µg∙L-1. A period of 60 days was framed repre-
senting the critical period of exposure (B). This pattern was modified for a reproduction in the 
flow-through system (C). 
 
 
Figure 8-88: Modification of the FOCUS exposure pattern for isoproturon 
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8.3.3.2 Isoproturon Exposure Profiles in Flow-through Experiments 
 
The realized exposure pattern in flow-through main test 2 (D. subspicatus) is presented in 
Figure 8-89. The first peak of nominal 65 µg∙L-1 was applied into each reactor on day 27. 
Because the first exposure event caused only very low effects, the second peak of 85 µg∙L-1 
was increased to 160 µg∙L-1 in order to cause clearer effects. The concentration was based 
on of 161 µg∙L-1 , the upper 95% confidence-limit of the ErC50 for D. subspicatus. A third peak 
was also increased to 160 µg∙L-1 followed by a constant exposure at the same level over a 
period of 4 days. Although the simplified FOCUS exposure pattern would end after the third 
peak, a fourth peak was considered in order to address a TER equal to ~0.1. It was consid-
ered relevant to generate data of effects on the populations, which were caused by an expo-
sure event substantially higher than the ErC50. A peak of 850 µg∙L-1 was applied on day 60; 
i.e. a 10 × PECmax of 85 µg∙L-1 from the FOCUS exposure pattern, which is about 10 × the 
lower confidence-limit of the ErC50 value.  
In main test 3 (P. subcapitata), the isoproturon exposure pattern (Figure 8-90) was slightly 
modified when compared with the pattern used for main test 2. The second peak was applied 
before the re-attained steady-state level lasted for three consecutive days. The exposure 
profile for Reactor A and B was split for the third exposure period due to time limitations. The 
first peak of 65 µg∙L-1 was applied on day 13; the second one of 160 µg∙L-1 (increased from 
85 µg∙L-1) was applied on day 15. The following exposure pattern for Reactor A and B was 
split from this point. From day 23, an exposure concentration of 160 µg∙L-1 in Reactor A was 
held constant over a 7-day period. An exposure concentration of 850 µg∙L-1 was applied into 
Reactor B on day 28. 
 
Figure 8-89: Exposure pattern in flow-through main 
test 2 (D. subspicatus) 
 
Figure 8-90: Exposure pattern in flow-through main 
test 3 (P. subcapitata) 
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8.3.3.3 Experimental Results 
 
The results of main test 2 and 3 and the corresponding simulations are presented in Figure 
8-91, Figure 8-92 and Figure 8-93. For illustration purposes, the biomass expression in the 
figures was normalized to a steady-state mean cell density value of 100%. Error bars indi-
cate standard deviations from the repeated cell density measurements. 
Analytical measurements of isoproturon were generally in good agreement with the nominal 
concentrations in both experiments. Slight deviations between measured and nominal con-
centrations were observed in the second experiment for Reactor A; measured concentrations 
of the first peak were slightly higher than expected. 
Both reactors were inoculated with measured 2-4 cells∙mL-1∙104 (main test 2, D. subspicatus) 
and 80-100 cells∙mL-1∙104 (main test 3, P. subcapitata). A first steady-state cell density level 
(indicated by a change of biomass ≤ 5% for three consecutive days) was achieved on day 17 
in main test 2 and on day 7 in main test 3 (faster achievement of steady-state due to inocula-
tion with higher cell densities).  
The first peak (after a maintained steady-state level for 10 days in main test 2, and for 6 days 
in main test 3) caused a slight decrease in cell densities (~10%) on day 1 after exposure in 
both experiments. 
The second peak (161 µg∙L-1) caused a stronger decrease in cell densities for 2 days. A fast 
recovery to the initial steady-state was observed 3 days after application in main test 2. In 
main test 3, the effect on the cell densities in Reactor A was slightly lower when compared 
with measurements in Reactor B. This is in accordance with a slightly lower measured con-
centration of isoproturon. Recovery in main test 3 started 2 days after application and devel-
oped in correspondence with the substance dissipation from the system according to the flow 
rate. The steady-state condition was re-attained on day 5 after the exposure peak and was 
maintained over 4 days. 
The constant exposure period over 4 days in main test 2 provoked a decrease of the cell 
densities over 3 days. Population densities were then apparently stabilized over the remain-
ing exposure period. This could indicate an achievement of a new (lower) steady-state level. 
The 7-day period of constant exposure in main test 3 (only Reactor A) caused a decrease of 
the population over 3 days. After that time, the algae commenced to attain a new steady-
state level. In both experiments, the recovery started after end of the constant exposure and 
the initial steady-state level was achieved after 4 days. 
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The exposure peak of 850 µg∙L-1 on day 60 (main test 2) and on day 28 (main test 3, only 
Reactor B) caused a strong decrease of the population that lasted over 3 days. From the 4th 
day after the substance application, a turn-over in the population dynamics was observed. 
Recovery started as soon as the inhibited growth rate exceeded the dilution rate (µ > D). A 
return to the initial steady-state level was achieved on day 69, the end of main test 2, and on 
day 37 (5 days after start of recovery) in main test 3. 
The experiments with D. subspicatus and P. subcapitata indicated no increased or de-
creased sensitivity of the species to isoproturon; neither after the periods of constant expo-
sure, nor even after a high exposure of 850 µg∙L-1isoproturon. 
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8.3.3.4 Modelling Results 
 
The results of the flow-through experiments and the model predictions are presented in Fig-
ure 8-91, Figure 8-92 and Figure 8-93.  
Predictions of isoproturon kinetics in the system agreed well with the analytical measure-
ments. The model predicted a slight decline of isoproturon during the period of constant ex-
posure (main test 2). This decline is in accordance with the rate constant of aquatic dissipa-
tion of isoproturon. 
The measured population density decreased after the first exposure peak in main test 2. This 
was well predicted by the model. A full recovery was already visible on day 2 after the expo-
sure peak, whereas the model underestimated this increase and predicted a slightly slower 
re-achievement of the initial steady-state level. A potential reason may be variations of the 
cell volumes according to the nutrient availability in the environment. This process is not yet 
implemented in the model; therefore mean values of species-specific cell volumes are as-
sumed instead. In addition, a consideration of toxicokinetics of isoproturon in the algae cells 
might be useful. Furthermore, potential statistical uncertainties related to the ErC50 value and 
the corresponding slope should be considered relevant. The effects of the first exposure 
peak in main test 3 and the subsequent decrease of the population were predicted by the 
model in agreement with the measured data of Reactor B (Figure 8-93) and with slight devia-
tions for Reactor A (Figure 8-92). 
After the second peak (day 32) in main test 2, the predictions showed a decrease over 2 
days; again in accordance with the experimental data. The model underestimated the subse-
quent increase of the population to the initial steady-state level on day 3 after the application 
and predicted a slower recovery with slight deviations from the measured data. The effect on 
algae that was caused by the second exposure peak in main test 3 was predicted in a good 
manner for Reactor B, but again with slight deviations from the measurements for Reactor A.  
The third peak in main test 2 on day 37 with a constant period over 4 days was characterized 
by a decrease of the population due to biomass loss over 3 days. A recovery occurred 4 
days after the end of the period of constant exposure. These predictions were in close 
agreement with the experimental data. The application of a 10 × PECmax provoked a de-
crease of the population densities over 3 days. Recovery occurred due to substance dissipa-
tion from the system according to flow rate. Both observations were predicted by the model 
in consistence with the measured data. The constant exposure period in main test 3 (con-
ducted in Reactor A during day 23-30) with the associated decrease of the population density 
and the subsequent recovery, was predicted in good agreement with measured data. The 
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model predictions of the population dynamics in Reactor B after exposure of 850 µg∙L-1 iso-
proturon, including the decrease and recovery of the cell densities, agreed well with the ex-
perimental observations. 
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Figure 8-91: Flow-through main test 2 with D. subspicatus exposed to isoproturon 
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Figure 8-92: Flow-through main test 3 with P. subcapitata exposed to isoproturon (A) 
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Figure 8-93: Flow-through main test 3 with P. subcapitata exposed to isoproturon (B) 
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8.3.3.5 Discussion 
 
The flow-through experiments in combination with the model predictions provided a close 
insight into population-level effects and recovery times after time-varying exposure. A profile 
of time-variable exposure of isoproturon was achieved by reproducing a modified FOCUS 
pattern in the test system. The impact on the population density caused by substance expo-
sure was directly visible as biomass loss in the chemostats. As soon as the concentration of 
isoproturon in the system fell below a certain level (if the inhibited growth rate exceeded the 
dilution rate (e.g. specific inhibited growth rate is 0.65 d-1 >dilution rate of 0.5 d-1, at a concen-
tration in the system ~ErC50)), a change (turn-over) in the algae population dynamics was 
observed. A recovery of the growth rate and subsequently a recovery of the population den-
sity to the initial steady-state level were possible. In general, as long as the inhibited popula-
tion growth rate exceeds or equals the dilution rate, the chemostats will establish equilibrium 
between growth and loss of biomass. In case the growth rate would fall below the dilution 
rate for a long-lasting period, the biomass would be constantly washed out (a washout would 
theoretically follow a single-first order decay, i.e. assuming a maximum population growth 
rate of 1.3 d-1, constantly inhibited with an ErC95 (specific inhibited growth rate = 0.065 d-1), 
using a dilution rate of 0.5 d-1, →100% biomass would be washed out after ~5-6 days). Re-
covery was observed after each exposure peak according to the substance dissipation from 
the system due to the flow rate. Indeed, a 10 × global PECmax peak provoked a strong impact 
on the population density, but was also followed by a rapid recovery.  
 
Analytical findings of isoproturon showed conformance of the reactors in the test system and 
predicted concentrations were in accordance with the measurements. Predictions of the 
population dynamics in the flow-through experiments agreed well with the measured data. 
Deviations between model calculations and measurements can be explained by several rea-
sons: 1) No model fit to the underlying measured data was performed. Due that the model 
calculations were intended as predictions; the modelled concentrations in the system were 
based on nominal concentrations. This may explain deviations between analytical findings 
and simulations. Therefore, some of the deviations between predicted and measured cell 
densities might be explained by the direct relation of the growth-inhibited biomass to the con-
centration dynamics in the test system. 2) A few times, the model over- or underestimated 
the recovery-phase of the population back to their initial steady-state level. One explanation 
might be that no processes that relate to uptake and elimination of the test substances in the 
algae cells were yet considered in the model. 3) The ErC50 and the corresponding slope are 
statistical values that are afflicted with an uncertainty. The slope of the concentration-effect 
curve may have a sensitive influence on the duration of the impact on the population during 
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the exposure. In some cases, where the model underestimated the recovery of the algae 
population, i.e. the recovery occurred faster than predicted, these circumstances could have 
taken effect. 
 
The environmental boundary conditions of the experiments, the standardized parameter sets 
of the respective algae species, together with the toxicity data, are the only required input 
data for simulations. The independent flow-through experiments validate the model for flow-
through conditions for D. subspicatus and P. subcapitata and allow further predictions of 
flow-through tests for any exposure profile of isoproturon.  
 
A certain limitation of an algae flow-through system must be seen in the potential extinction 
of a population. This situation occurs when the growth rate of the population is permanently 
reduced below a certain minimum. If a permanent inhibition of the growth rate is subject of 
investigation, it might be necessary to adapt the flow-through conditions accordingly (e.g. 
adaption of the dilution rate to prevent a wash out of the population). In addition, the long 
duration of a flow-through experiment makes it potentially prone to external interferences, 
technical malfunctions, but also to unexpected biological issues (unsterile conditions, infec-
tions of the population by fungi, and other factors) that can occur in biological test systems. 
The experimental results are conclusive and confirmed by the model, but potential meas-
urement errors can never be excluded. Improvements to the flow-through system setup (e.g. 
an increased number of reactors (replicates), use of a particle counter for cell counting, etc.) 
may lead to potential benefits (e.g. increase of the certainty of the results, possibility to de-
termine a NOEC), but would not alter the results in general. 
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8.4 Validation of Parameter Sets 
 
The experimental data, which were gathered during this work, were used for a validation of 
the model parameter sets of the respective algae species. Algae population dynamics in 
growth inhibition studies, capacity tests and flow-through experiments were selected to be 
predicted by the model. Long-term algae growth dynamics can be observed during capacity 
tests, short-time effects of a pesticide on population growth can be investigated during 
growth inhibition studies, and effects of time-variable exposure on algae growth, with a sub-
sequent recovery of the population, can be examined in flow-through experiments. The most 
important application scenarios of the model are outlined by these types of studies.  
 
Simulations of each experiment were performed as follows: the standardized parameter sets 
for the respective algae species were used to describe their physiological properties in the 
model. Environmental boundary conditions (i.e. light, temperature and P concentration in the 
culture medium) and simulation time were set according to the experiments. The measured 
values of initial cell densities and P concentrations in the culture media were used to initialize 
the respective state variables in the model. The compartment for the internal P concentration 
in the algae cells was set to its default value  
 
No parameter fitting or optimization of the model to experimental data was done. The model 
predictions were compared with the experimental data by using recommended statistical 
methods (FOCUS 2006; Hommen 1998; Piñero et al. 2008). Goodness of fit calculations 
included the model efficiency, the chi² scaled error and the coefficient of determination (r²). 
The values for the model efficiency range from -∞ to +1 with larger values indicating better 
agreement. The model efficiency compares the sum of squared differences between calcu-
lated and observed data with the variability in the observed data. The chi²-test considers the 
deviations between observed and calculated values relative to the uncertainty of the meas-
urements (FOCUS 2006). The coefficient of determination r² describes how well the regres-
sion line approximates the measured data points. An r2 of 1.0 indicates that the regression 
line perfectly fits the data. 
The results are summarised in Table 8-5 and show the agreement between model results 
and experimental data. Additionally, predicted vs. observed plots (Figure 8-94 to Figure 8-99) 
were generated for each study type and algae species. Figure 8-94 and Figure 8-95 depict 
the plots for the capacity tests; resulting in r² of 0.999 for D. subspicatus and P. subcapitata, 
r² of 0.95 for C. terricola and 0.85 for C. pyrenoidifera. The lower r² values for the latter two 
algae, especially for C. pyrenoidifera may be explained by larger scattering of the cell num-
bers, especially at higher cell numbers. Quantification problems resulted in potentially higher 
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measurement errors and higher standard deviations. The predicted vs. observed plots of the 
growth Inhibition tests are shown in Figure 8-96 and Figure 8-97. Good agreements were 
achieved for all algae species, confirming the ability of the model for predictions of this type 
of study. The plots for the flow-through studies with D. subspicatus and P. subcapitata re-
sulted in high r² values for the tested species, due to the fact that only a few deviations were 
observed in the experiments (Figure 8-98 and Figure 8-99). No systematic deviations were 
visible. 
It is important to note that a simulation of independently gathered data should be regarded as 
a part of validation of the model. 
Table 8-5: Goodness of fit statistics 
Species D. subspicatus P. subcapitata C. terricola C. pyrenoidifera 
Type of test C GI Ft C GI Ft C GI C GI 
Number of observations 62 84 102 62 20 68 67 76 72 48 
Chi² scaled error [%] 7.47 2.78 6.73 7.59 3.68 6.95 17.61 1.70 23.06 1.94 
Model efficiency EF 0.99 0.98 0.93 0.99 0.99 0.91 0.93 0.99 0.85 0.86 
Coefficient of determination r² 0.99 0.99 0.94 0.99 0.99 0.92 0.93 0.98 0.86 0.96 
Goodness of fit calculations were performed according to FOCUS kinetics (FOCUS 2006); Abbreviations: 
C=Capacity tests; GI= Growth Inhibition tests; Ft=Flow-through tests 
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Figure 8-94: Predicted vs. observed, capacity tests, 
D. subspicatus and P. subcapitata 
 
Figure 8-95: Predicted vs. observed, capacity tests, 
C. terricola and C. pyrenoidifera 
 
Figure 8-96: Predicted vs. observed, growth inhibi-
tion tests 1-2 
 
Figure 8-97: Predicted vs. observed, growth inhibi-
tion tests 3-5 
 
Figure 8-98: Predicted vs. observed, flow-through 
main tests, D. subspicatus 
 
Figure 8-99: Predicted vs. observed, flow-through 
main tests, P. subcapitata 
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8.5 Extrapolation Scenario 
8.5.1 Purpose 
 
The purpose of this extrapolation scenario was to present an application of the algae model 
as a preliminary evaluation approach, prior to the performance of a flow-through experiment. 
Herbicide F was identified causing critical issues for algae during the standard risk assess-
ment. Therefore, the compound was chosen as example for modelling purposes. FOCUS 
calculations for the compound were performed and a worst-case scenario was identified and 
evaluated for a reproduction in a flow-through experiment. Environmental fate (half-life) and 
toxicity data for the green algae species P. subcapitata was available and used as input data 
for the simulations. Simulations were performed for population growth of P. subcapitata af-
fected by herbicide F under flow-through conditions. The results might be used to design 
flow-through studies according to specific requirements for modelling, and to exactly address 
the issues of concern in risk assessments. 
8.5.2 Toxicity Data 
 
Data of two standard growth inhibition studies with herbicide F were available for P. subcapi-
tata. The determined ErC50 values with their 95% confidence-limits and corresponding slope 
values are shown in Table 8-6. The concentration-effect curves are both shown in Figure 
8-100. The toxicity data was further on used as input for model predictions. The two ErC50 
and slopes vary among each other, although they were estimated for the same species. As 
demonstrated in chapter 7.3.4, slope values might have a strong influence on the impact on 
a population during an exposure event. Thus, the results are expected to be interesting; both 
for a further design of a flow-through experiment and for interpretation in risk assessment. 
 
Figure 8-100: Concentration-effect curves, P. sub-
capitata, herbicide F 
Table 8-6: ErC50 values with 95% confidence limits 
P. subcapitata, herbicide F 
Parameter Unit Study 1 Study 2 
ErC50 µg∙L-1 2.0 3.1 
lower 95% cl µg∙L-1 1.9 2.9 
upper 95% cl µg∙L-1 2.1 3.4 
Slope - 6.1 3.4 
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8.5.3 Exposure Pattern 
 
FOCUS Step 3 calculations for herbicide F were performed in order to obtain a realistic ex-
posure pattern for aquatic systems. The compound was annually applied in autumn at a typi-
cal use rate of 240 g active substance per hectare. The R4 stream scenario was identified as 
worst-case scenario. The FOCUS exposure pattern (Figure 8-101, A) consisted of a 
sequence of short and high runoff peaks occuring in spring. Actually, only a relative short 
time-period shows exposure, so a higher time-resolution (B) allowed to frame the whole 
exposure event. The event duration of 60 days would make it possible to reproduce the 
exposure pattern in a flow-through experiment without the need to scale down the duration of 
the test. As a first, conservative approach, preliminary simulations would consider a slower 
dissipation of the substance in the flow-through system (C). 
 
Figure 8-101: Modification of the calculated FOCUS exposure pattern for herbicide F 
 
8.5.4 Setup for the Modelling Approach 
 
P. subcapitata was selected as standard algae test species for simulations under flow-
through conditions. The toxicity data of the growth inhibition studies and the estimated slope 
values were used to simulate effects of the test substance on the population growth rate. 
Conservatively, no degradation of the compound was assumed. The OECD 201 medium was 
chosen as culture medium supplying a P concentration of 0.36 mg∙L-1. The following setting 
was used for a model prediction: 
Table 8-7: Setup for model prediction of flow-through experiment with herbicide F 
Species 
t 
[d] 
I 
[µE∙m-2s-1] 
T 
[°C] 
D 
[d-1] 
R0 
[mg∙L-1] 
k 
[d-1] 
ErC50 
[µg∙L-1] 
95% cl ErC50 
[µg∙L-1] 
b 
A 
[cells∙mL-1] 
P 
[mg∙L-1] 
Remarks 
P. subcapitata 60 76 24 0.5 0.36 0.0 2 1.9-2.1 6.1 1∙104 0.36 Data study 1 
P. subcapitata 60 76 24 0.5 0.36 0.0 3.1 2.9-3.4 3.4 1∙104 0.36 Data study 2 
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8.5.5 Model Predictions 
 
The result of the first model prediction is shown in Figure 8-102. The black and blue solid and 
dashed lines represent the simulated populations with different assumed toxicities (ErC50 
values and their 95% confidence limits). The black dotted line represents the exposure con-
centration according to the slightly modified FOCUS exposure pattern. 
 
Figure 8-102: Predicted population dynamics with FOCUS exposure to herbicide F 
 
The peaks of 2.1 µg∙L-1 and lower caused only low visible effects, especially if the toxicity is 
based on the higher ErC50 values (blue lined population). During a flow-through experiment, 
these relative low effects might not be clearly identified vs. a steady-state control, due to the 
normal daily fluctuation of cell densities in the system (even in the steady-state; daily change 
of biomass < 5-10%). Both subsequent high peaks (15.8 µg∙L-1 followed by 6.4 µg∙L-1) 
caused strong impacts on the populations. However, both populations are able to recover as 
soon as the concentration reached a level that allowed recovery. Generally, it can be 
demonstrated that the algae population is able to recover to a steady-state after each expo-
sure peak.  
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8.5.6 Modified Model Predictions 
 
For a second model prediction (Figure 8-103) several useful modifications in the exposure 
pattern were made. Substance peaks with concentrations ≤ 2.1 µg∙L-1 were omitted. The 
substance input on day 40 and the subsequent peaks were substituted and overlaid by a 
period of 2.1 µg∙L-1 constant exposure over 10 days. This constant period might conservative-
ly address all omitted peaks. 
 
Figure 8-103: Predicted population dynamics with modified exposure to herbicide F 
 
The simulations identified clear differences between the effects on the populations. The im-
pact after each peak, especially during the constant exposure period, is of different power. It 
was demonstrated how the uncertainty of the ErC50 and the slope of the concentration-effect 
curve may influence the model outcome. This might also support the consideration of a con-
stant exposure period during a flow-through experiment as a conservative approach. 
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8.5.7 Discussion 
 
A recovery of the populations in the scenarios was observed after each period of exposure. 
Neither the high peak, nor the constant exposure indicated a concern. An investigation of the 
exposure profile and identification of key characteristics helps to formulate generalized expo-
sure patterns. Important parameters that characterize the exposure profile could be: 
• peak height and duration 
• interval between each exposure event 
• Number of peaks 
• Existence of a background concentration 
• Area under the curve 
The application of modified, more generalized exposure patterns in a flow-through test could 
cover several aspects that might help to support the risk assessment for algae: 
• Sharp and steep runoff peaks 
• Constant inputs via drainage 
• Series of pulsed peaks 
In summary, the results of the preliminary simulations would make the performance of an 
algae flow-through experiment reasonable in order to support the risk assessment.  
The extrapolation scenario illustrated that design and planning of a flow-through test should 
be accompanied by a preliminary model prediction. These results can help to decide whether 
a flow-through test offers the capability to support and improve the risk assessment for algae 
of a specific compound. If the model predictions are promising, the performance of a corre-
sponding experiment is reasonable. The preliminary simulations can be used to refine and 
improve the design of the experiment. Accordingly, the exposure pattern in the test can be 
beneficially adapted to fulfill case-by-case requirements in risk assessment.  
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9. Discussion and final conclusions 
 
Discussion 
The topic of interpretation of time-variable exposure patterns in relation to simple exposure 
assumptions from standard toxicity tests is discussed since the inclusion of the FOCUS sce-
narios in the EU risk assessment of pesticides. Although several workshops provided first 
guidance and projects were founded in association with academia, industry and authorities, 
no official regulatory guideline is currently available.  
This work presents the results of a new approach to assess effects of time-variable exposure 
on algae. The concept comprises the close combination of ecotoxicological experiments and 
population modelling. This involved the development of an algae model including all neces-
sary steps for verification and validation as well the performance of laboratory experiments.  
Although literature provided a quantity of models describing algae growth influenced by 
different external factors, these models did not satisfy all of the demands for a model that can 
address the objectives of this work. In many cases, the structures of the models were too 
complex with a difficult parameterization. Often the number of required input parameters was 
high or the parameters could not be determined by experiments. In many cases the 
underlying model concept was overly complex. Simplicity and transparency, in turn, are in my 
opinion important requirements to facilitate the regulatory acceptance of a model.  
The SAM-X algae model developed in this work is simple with a transparent model structure 
and traceable processes. All parameters and processes in the model own an ecological rele-
vance and the parameter values can be independently determined by laboratory experi-
ments. These properties of the model are important in order to support the acceptance for 
applications in pesticide risk assessment. Several different parameter values or ranges from 
literature were confirmed by own experiments, and in the same way identified data gaps re-
lated to the model parameterization were closed.  
Verification and validation of the model by independent experiments provided standardized 
parameter sets. These sets consist of parameters related to the physiological properties of 
the implemented algae species. Therefore, the simulation of the experimental data was pos-
sible using these sets without any need of fitting or optimization. This was achieved by taking 
only the environmental boundary conditions (e.g. inoculated cell densities, light, temperature, 
nutrient status, test duration, and toxicity data) of the respective experiments as additional 
input into account. 
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The model proved is capability to simulate algae population growth influenced by different 
environmental conditions, such as light, temperature and nutrient status. Adaptability and 
versatility of the model enables the use of time-series of exposure and environmental data 
(e.g. annual light, temperature, or hydrology) as input source. Long-term growth dynamics, 
interspecies competition and the response of a population exposed to a chemical stressor 
can be simulated under static as well as under continuous culture conditions. The simulation 
of flow-through conditions allowed the assessment of the effects of pulsed exposure on algae 
populations in a time-variable scale. The availability of standardized parameter sets made it 
possible to minimize the required input data for simulations. In addition, the use of data rou-
tinely generated within the risk assessment of pesticides is feasible without the requirement 
to perform additional studies.  
One limitation of ecological models is the general uncertainty of biological data. A model pre-
diction can only be as good as the data it is based on. The parameters values are either 
based on literature or on own experimental data but were often determined during constant 
or optimal environmental conditions. Algae may show different growth behavior in natural 
environments, certainly influenced by many interactions and other factors, such as daily light 
and temperature fluctuations, nutrient stress, rain events, other trophic levels and unknown 
additional factors. In addition, the processes of uptake and elimination of pesticides in algae 
cells might have an influence on long-term effects on population-level. Further research re-
lated to these issues would therefore increase the model accuracy and reliability. 
The simple algae model cannot reflect the reality of an aquatic ecosystem; however, it 
demonstrated its capability to address the important questions defined for this work. The 
transparent model structure allows the stepwise extension of the model according to the re-
quirements in its area of application. A connection to higher trophic levels or a characteriza-
tion and implementation of additional algae species would certainly require more experi-
mental research and model development. Beneficially, the range of verified model applica-
tions would increase as well. Each model extension needs to be accompanied by a validation 
process. 
Flow-through experiments in parallel with the model applications allowed gaining insights into 
population-level effects and recovery times of the algae after time-variable exposure. Expo-
sure periods provoked impacts on the population density, subsequently followed by a rapid 
recovery due to substance dissipation from the system according to the dilution rate. Model 
predictions of population growth dynamics as well as the effects of exposure followed by a 
recovery were in good agreement with the experimental data. The boundary conditions of the 
experiment, the standardized parameter sets together with the toxicity data were the only 
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required input data for simulations. Deviations between model results and experimental data 
were conservative in all cases.  
The conclusive results of the flow through experiments with the herbicide isoproturon and the 
generic test substance 3,5-dichlorophenol indicate that both tested algae species, D. subspi-
catus and P. subcapitata, are unlikely to show an altered sensitivity for compounds causing 
growth inhibition. This also confirms the results of Vallotton et al. (2008a-c and 2009). Inves-
tigating if a population would show alterations in sensitivity after high or long-lasting constant 
exposure may also support the risk assessment. No changes in sensitivity, no prolonged 
recovery phase, any altered response or adaption to the test substance, as discussed by 
Ipatova et al. (2004 and 2008), were observed. No differences of impact on the populations 
over time in terms of growth to isoproturon were detected; neither after the period of constant 
exposure, nor after the 10×global PECmax peak. Potential structural changes in the popula-
tions (Prokhotskaya et al. 2006) were not investigated during these experiments. Even strong 
inhibitions of the growth rate over a certain limited period showed no implications to pose a 
perilous threat for the population under the test conditions. The results of the flow-through 
experiments support the conclusion that the growth rate (as relevant endpoint in risk as-
sessment of pesticides) can be used as indicator for a potential endangerment of a popula-
tion (Dorgerloh 1997; Forbes and Calow 2002). 
The results of the flow-through tests validate the capability of the population model to simu-
late continuous culture conditions for D. subspicatus and P. subcapitata. Further model pre-
dictions and extrapolations considering different exposure patterns for the tested compounds 
are now considered to be reliable. For this work, only conclusions can be made about algi-
static effects, due that the selected test substances cause a reversible inhibition of the 
growth rate. The simulation of substances causing algicidal effects is not considered in the 
model yet. In addition, the usability of an algae flow-through system for algicidal substances 
was not tested and should be investigated. Maintenance of the chemostat system and the 
performance of experiments revealed to be elaborate and very time-consuming. The long 
duration of a flow-through test makes the system potentially vulnerable to technical malfunc-
tions and external interferences. This increases the expenses to meet the operational de-
mands as well. Therefore, this type of study will be likely placed in the higher-tier risk-
assessment accounting for its more intricate character compared to standard studies.  
The extrapolation scenario illustrated that design and planning of a flow-through test should 
be accompanied by a preliminary model prediction. These results can help to decide whether 
a flow-through test offers the capability to support and improve the risk assessment for algae 
of a specific compound. If the model predictions are promising, the performance of a corre-
sponding experiment is reasonable. The preliminary simulations can be used to refine and 
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improve the design of the experiment. Accordingly, the exposure pattern in the test can be 
beneficially adapted to fulfill case-by-case requirements in risk assessment.  
Test design and study plan, the selection of an exposure profile and the corresponding mod-
elling approach should be performed by experts with an interdisciplinary knowledge of mod-
elling and ecotoxicology. This would ensure that the needs of each scientific part can be ad-
dressed in a satisfying manner. It is important to have background knowledge about the 
model and the parameters that influence the simulation results. Expertise in the performance 
of algae flow-through experiments and background knowledge on the chemostat theory are 
basic requirements as well. In particular, this combination of know-how also allows the identi-
fication of factors that can influence experimental results as well as the reduction of planning 
errors.  
The intention to perform flow-through experiments does not claim to reflect reality with regard 
to the interactions and direct and indirect effects of pesticides in a biocenosis. However, this 
experimental setup is appropriate to investigate a broad range of questions that are part of 
the complex reality (e.g. intra and inter-species algae competition (Gause 1934a; Rhee 1972; 
Tilman 1982, 1986; Ahn 2002, nutrient limitation (Grover 1989, 1991; Brown and Harris 
1978; Brown et al. 1978) or destabilization of ecosystems (Rosenzweig 1971)). Investiga-
tions of competition during time-variable exposure to algae populations may provide im-
portant information on the manifold interactions in aquatic environments. The effects of a 
potential reverse dominance between algae may have an influence on the evaluation of time-
variable exposure pattern of pesticides. It may be envisioned that two species compete for 
one nutrient, with one species dominating the other. If the superior one shows a higher sensi-
tivity to a herbicide, pesticide exposure over a certain time-period could reverse the domi-
nance relation. In case of an enduring effect of the pesticide, the naturally inferior but less 
sensitive species may invade an ecological niche. As a result of this external stress, the 
dominance relation could be permanently reversed (Tilman 1987 and 2004). 
Another important topic of research is the time-variable inflow of nutrients into an aquatic 
environment during pesticide exposure (Stevenson 1990). Changes of the nutrient status in 
an ecosystem would result in a corresponding response of the inhabiting aquatic organisms 
and could therefore potentially destabilize the ecosystem (Sommer 1989; Rosenzweig 1971; 
Hansson 2000; Van Donk and Hessen 1993). In practice, runoff or drainage events are con-
cerned with pesticide inputs as well as nutrient inputs (and also suspended matter that caus-
es light effects and so forth). The growth inhibiting effects of a pesticide on algae could inter-
fere with growth promoting effects of additional nutrients at the same time (Lin et al. 1996; 
Wong et al. 1983). Therefore, the effects of exposure on algae populations would be lowered 
and indirect effects on higher trophic levels would potentially be reduced.  
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The current version of the algae model has the capability to simulate the above mentioned 
scenarios. However, as the questions to be addressed are getting more complex, the model 
would benefit from expansions to a more detailed description of algae growth. Cell division 
cycles and time-delayed growth (Altenburger et al. 2008; Lemesle and Gouzé 2008), uptake 
of nutrients based on variable cell volumes (Smith and Kalff 1982), individual-based cell 
growth (Arino et al. 2000; Arino and Gouzé 2002) and the addiction of growth to additional 
nutrients may form important model extensions (Hellweger and Kianirad 2007). Beyond al-
gae, there are similar issues regarding the effects of time-variable exposure of pesticides 
(e.g. effects on macrophytes, Scheebaum 2006). Thus, the implementation of macrophytes 
and a connection to higher trophic levels should in particular be considered as important 
model extensions. Verification of the model to new extensions should be accompanied by the 
performance of corresponding experiments in order to meet the requirements for good mod-
elling practice and to ensure the reliability of the model.  
The possibility to reproduce almost any type of exposure pattern in a flow-through system 
offers a more ‘realistic’ evaluation of time-variable exposure effects in comparison to static 
test methods. An adaption of the experimental setup to more complex research objectives is 
possible and can be easily realized according to the scientific demands. Flow-through exper-
iments alone may not substitute a complex mesocosm study. However, innovatively com-
bined with the advantages of ecological modelling, they can help to support the interpretation 
of FOCUS scenarios in aquatic risk assessments. The concept of a combined approach 
(Figure 9-1) proved to provide additional important information on pulsed exposure effects on 
algae communities and may therefore be applied beneficially in risk assessment. 
 
Figure 9-1 Combined approach of experimental studies and ecological modelling 
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Final conclusions 
The results of this work confirm the proposals available in literature to use flow-through sys-
tems as appropriate higher-tier tools to assess effects of complex toxicant exposure on al-
gae.  
The algae model proved its capability to simulate effects on population growth and times to 
recovery after time-variable exposure of toxicants. The results support the use of the algae 
model as a predictive tool to assess effects of pesticides on population level. Thus, an im-
plementation of the model as an inherent part of the pesticide risk assessment would be an 
asset. 
The usefulness of the combined approach was confirmed by the results, as not only the ex-
periments offered detailed information on population-level effects after pesticide exposure, 
also the model application showed practical advantages: It can be applied for designing and 
improving the flow-through studies as a first step, to describe and interpret the results as a 
second step, and thirdly, to extrapolate to different exposure scenarios to predict effects on 
algae populations. 
This work demonstrated an excellent possibility to represent time-variable exposure of a pes-
ticide and corresponding effects on algae a bit closer to reality. The conclusive results of the 
combined approach confirm the beneficial use of population models as supporting tools in 
higher-tier risk assessment of aquatic toxicants. 
Algae flow-through systems proved to be excellent devices to reproduce almost any pulsed 
exposure pattern that causes issues in risk assessment, whereas models are state of the art 
tools to accompany the design, evaluation, prediction and extrapolation of ecotoxicological 
experiments. I am sure that this work will increase the potential acceptability for ecological 
models in the pesticide risk assessment by showing promising new approaches for the as-
sessment of effects of time-variable exposure on aquatic non-target organisms.  
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11. Appendix 
11.1 Abbreviations and Symbols 
 
Abbreviations 
 FOCUS FOrum for the Co-ordination of pesticide fate models and their Use 
OECD Organization for Economic Co-operation and Coordination 
EC50 50% effective concentration 
ErC50 50% effective concentration calculated based on growth rate 
Cell no. cell numbers (cell density), surrogate for biomass 
Conc. concentration 
t time 
r² coefficient of determination 
fwt fresh weight 
dwt dry weight 
 
 
Units 
 kg kilogram 
g gram 
mg milligram 
µg microgram 
L liter 
mL milliliter 
µL micro liter 
m meter 
mm millimeter 
µm micrometer 
m³ cubic meter 
mm³ cubic millimeter 
µm³ micro cubic meter 
mol molar 
mmol milli molar 
µmol micro molar 
pmol pico molar 
fmol femto molar 
d day 
h hour 
min minute 
s second 
µE micro einstein 
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11.2 Raw Data 
11.2.1 Growth Conditions Tests 
11.2.1.1 D. subspicatus 
 
Table 11-1: D. subspicatus growth condition tests 
Day n T1 s T2 s T3 s T4 s T5 s T6 s T7 s T8 s T9 s T10 s 
0 3 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 
1 3 3 0 3 1 2 0 1 0 2 0 2 0 3 1 2 0 2 0 2 1 
2 3 8 0 8 1 5 0 10 0 8 1 12 0 16 1 6 2 5 1 13 2 
3 3 11 1 10 1 6 0 14 0 11 1 54 10 72 1 31 11 6 0 56 6 
6 3 17 1 16 1 10 1 20 0 19 2 536 39 524 51 1056 110 12 2 268 27 
10 3 27 11 22 3 10 1 24 3 26 5 498 30 508 52 1030 99 14 1 249 6 
13 3 23 0 101 10 11 3 23 1 29 5 548 39 595 23 889 41 14 1 277 4 
17 3 26 1 223 4 10 6 19 0 31 6 621 32 646 7 967 33 15 0 322 1 
Test 1-10 cell densities [cells∙mL-1∙104]; s=standard deviation; n=number of replicates 
 
11.2.1.2 C. terricola and C. pyrenoidifera 
 
Table 11-2: C. terricola and C. pyrenoidifera growth condition tests 
C. terricola      C. pyrenoidifera     
Day n T1 s T2 s T3 s Day n T1 S T2 s T3 S 
0 2 3 0 3 0 3 0 0 2 1 0 1 0 1 0 
1 2 3 0 4 0 4 0 1 2 2 0 2 0 2 0 
3 2 8 1 9 0 5 0 3 2 6 0 3 0 3 0 
4 2 18 4 14 0 6 0 4 2 11 1 4 0 4 0 
7 2 113 15 35 10 11 5 7 2 29 8 12 1 8 1 
9 2 144 22 71 4 8 3 9 2 40 14 28 4 12 2 
10 2 145 0 75 21 10 0 10 2 48 15 39 6 15 2 
Test 1-3 cell densities [cells∙mL-1∙104]; s=standard deviation; n=number of replicates 
 
 
Table 11-3: C. terricola and C. pyrenoidifera culture media tests 
C. terricola       C. pyrenoidifera      
Day n WARIS-H s OECD s KUHL s  Day n WARIS-H s OECD s KUHL s 
0 2 2 0 3 1 3 0  0 2 1 0 1 0 1 0 
1 2 5 1 5 1 4 0  1 2 3 0 1 0 1 0 
3 2 25 3 20 5 11 1  3 2 6 0 1 0 1 0 
4 2 42 5 34 4 26 2  4 2 8 1 1 1 1 0 
Cell densities [cells∙mL-1∙104]; s=standard deviation; n=number of replicates 
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11.2.2 Capacity Tests 
11.2.2.1 D. subspicatus 
 
Table 11-4: D. subspicatus capacity tests 1-5 
Day T1 s  Day T2 s  Day T3 s  Day T4 s  Day T5 s 
0 1 1  0 1 1  0 1 1  0 1 1  0 1 1 
1 4 2  1 5 2  2 3 1  1 3 2  1 4 2 
2 16 3  2 17 4  4 8 3  2 8 2  2 18 4 
3 65 6  3 139 36  7 67 13  3 24 6  3 67 13 
4 266 31  5 282 22  11 326 32  4 72 15  4 266 31 
7 469 32  6 402 29  13 394 35  7 409 42  5 363 38 
10 498 20  10 449 30  17 419 25  10 456 32  7 493 37 
14 501 34  14 483 28  21 452 33  14 490 43  14 480 27 
    20 495 22  25 461 36         
Test 1-5 cell densities [cells∙mL-1∙104]; s= standard deviation; number of replicates=3 
 
Table 11-5: D. subspicatus capacity tests 6-7 
Day T6 s  Day T7 s 
0 1 1  0 1 1 
1 4 2  2 18 3 
2 18 3  3 47 10 
3 78 9  5 387 27 
4 245 31  7 473 30 
5 386 35  11 509 26 
7 474 41  15 489 50 
9 487 29     
10 492 43     
12 468 32     
14 501 34     
18 484 43     
28 478 42     
Test 6-7 cell densities [cells∙mL-1∙104]; s= standard deviation; number of replicates=3 
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11.2.2.2 P. subcapitata 
 
Table 11-6: P. subcapitata capacity tests 1-5 
Day T1 s  Day T2 s  Day T3 s  Day T4 s  Day T5 s 
0 1 1  0 1 1  0 1 1  0 1 1  0 1 1 
1 6 1  1 7 2  2 4 2  1 3 2  1 6 2 
2 24 4  2 26 5  4 9 2  2 9 2  2 26 5 
3 72 15  3 88 12  7 87 18  3 25 11  3 91 18 
4 323 42  4 300 26  11 340 34  4 91 24  4 289 31 
7 512 62  7 554 44  13 455 51  7 365 46  5 441 41 
10 550 27  10 558 19  17 481 60  10 500 51  7 556 51 
14 543 27  14 578 30  21 542 52  14 531 50  14 559 41 
    20 591 28  25 598 28         
Test 1-5 cell densities [cells∙mL-1∙104]; s= standard deviation; number of replicates=3 
 
Table 11-7: P. subcapitata capacity tests 6-7 
Day T6 s  Day T7 s 
0 1 1  0 6 1 
1 2 1  2 38 6 
2 11 4  3 287 17 
3 60 18  5 539 36 
4 329 42  7 514 48 
5 540 40  11 585 52 
7 558 53  15 552 25 
9 598 24     
10 520 83     
12 511 53     
14 584 50     
18 594 36     
28 582 16     
Test 6-7 cell densities [cells∙mL-1∙104]; s= standard deviation; number of replicates=3 
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11.2.2.3 C. terricola 
 
Table 11-8: C. terricola capacity tests 1-5 
Day T1 s  Day T2 s  Day T3 s  Day T4 s  Day T5 s 
0 3 1  0 2 1  0 1 0  0 1 0  0 1 0 
2 4 1  1 7 3  1 3 2  1 3 0  3 7 1 
4 27 10  3 44 22  2 10 4  2 8 0  7 116 9 
6 52 10  5 57 9  4 34 12  3 20 2  10 136 18 
10 123 23  9 112 6  7 80 26  4 32 4  15 160 14 
14 163 19  12 145 17  10 119 45  6 72 8  21 179 22 
17 177 27  19 123 20  14 136 24  8 145 11  28 184 20 
21 170 19      17 133 40  10 170 15     
25 145 18      24 126 18  12 161 14     
        31 123 23  13 146 14     
        37 125 30  15 151 11     
            17 150 10     
            20 152 15     
            23 155 13     
Test 1-5 cell densities [cells∙mL-1∙104]; s= standard deviation; number of replicates=3 
 
Table 11-9: C. terricola capacity tests 6-7 
Day T6 s  Day T7 s 
0 1 0  0 1 1 
1 1 0  1 2 1 
4 19 1  3 4 3 
6 29 2  7 17 8 
7 54 4  9 22 7 
9 120 8  12 102 23 
11 124 9  15 99 29 
14 137 11  21 129 24 
21 130 14  28 116 33 
    35 136 29 
Test 6-7 cell densities [cells∙mL-1∙104]; s= standard deviation; test 6 no. of replicates=3, test 7 n=4 
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11.2.2.4 C. pyrenoidifera 
 
Table 11-10: C. pyrenoidifera capacity tests 1-5 
Day T1 s  Day T2 s  Day T3 s  Day T4 s  Day T5 s 
0 2 1  0 1 0  0 1 0  0 1 0  0 1 0 
2 10 3  1 6 5  1 3 1  1 2 0  3 6 1 
4 40 11  3 15 2  2 9 4  2 5 1  7 58 7 
6 67 8  5 60 10  4 36 8  3 8 1  10 60 13 
10 67 10  8 72 10  7 107 9  4 11 1  15 52 8 
14 49 15  10 57 9  10 90 10  6 35 8  21 57 9 
17 46 7  12 59 10  14 103 11  8 61 11  28 55 8 
21 43 5  15 61 14  17 85 8  10 71 16     
25 44 4  19 63 11  24 65 9  12 71 6     
    26 52 11  31 71 8  13 83 7     
    33 59 7  37 58 8  15 83 10     
            17 72 9     
            20 75 8     
            23 77 6     
Test 1-5 cell densities [cells∙mL-1∙104]; s=standard deviation; number of replicates=3 
 
Table 11-11: C. pyrenoidifera capacity tests 6-7 
Day T6 s  Day T7 s 
0 1 0  0 1 1 
1 1 0  1 2 2 
4 7 1  3 6 3 
6 25 7  7 35 7 
7 58 9  9 39 16 
9 69 7  12 51 14 
11 61 8  15 67 10 
14 66 8  21 65 6 
21 61 16  28 62 21 
    35 66 13 
Test 6-7 cell densities [cells∙mL-1∙104]; s= standard deviation; test 6 no. of replicates=3, test 7 n=4 
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11.2.3 Competition Tests 
11.2.3.1 D. subspicatus vs. P. subcapitata 
 
Table 11-12: Competition test 1-3 with initial cell ratio 1:1 
D. subspicatus       P. subcapitata      
Ratio    1          1     
Day T1 s Day T2 s Day T3 s  Day T1 s Day T2 s Day T3 s 
0 2 2 0 1 1 0 1 1  0 4 2 0 1 1 0 1 1 
2 16 3 1 4 1 1 4 1  2 41 8 1 4 1 1 4 1 
4 97 24 2 18 5 4 160 19  4 307 25 2 24 3 4 214 19 
7 146 24 3 73 10 8 191 29  7 394 73 3 98 15 8 301 22 
11 143 15 4 143 20 15 208 33  11 369 32 4 199 33 15 314 31 
15 128 18 6 212 11 21 203 31  15 422 42 6 276 17 21 342 27 
18 121 29 7 199 6 25 197 31  18 393 22 7 306 30 25 355 34 
22 114 22 9 210 16 28 185 38  22 413 35 9 318 23 28 362 34 
26 128 28 14 201 8 35 162 35  26 425 22 14 326 21 35 392 24 
32 125 34 21 190 30 42 145 27  32 428 25 21 343 24 42 401 31 
39 106 39 28 179 21     39 472 41 28 352 18    
46 78 36 31 175 20     46 445 26 31 355 20    
   35 158 16        35 358 21    
   41 148 18        41 390 18    
Test 1-3 cell densities [cells∙mL-1∙104]; s=standard deviation; number of replicates=3; initial cell ratio 1:1 
 
Table 11-13: Competition test 1-3 with initial cell ratio 1:3 
D. subspicatus       P. subcapitata      
Ratio    1          3     
Day T1 s Day T2 s Day T3 s  Day T1 s Day T2 s Day T3 s 
0 3 1 0 1 1 0 1 1  0 10 3 0 3 1 0 3 1 
2 18 5 1 4 1 1 4 2  2 139 21 1 11 4 1 12 4 
4 68 9 3 68 12 4 97 14  4 493 39 3 223 18 4 264 22 
7 66 11 5 84 9 8 135 34  7 489 41 5 354 14 8 337 47 
12 63 6 6 102 16 15 149 43  12 502 42 6 407 22 15 419 63 
16 71 9 7 116 9 21 193 36  16 501 38 7 449 21 21 527 45 
22 63 9 9 114 12 25 157 30  22 544 36 9 457 12 25 475 33 
26 57 10 14 99 20 28 146 31  26 520 56 14 464 19 28 563 49 
32 52 12 21 87 24 35 131 28  32 584 62 21 465 23 35 485 48 
38 50 11 28 78 21 42 114 22  38 574 41 28 469 22 42 433 74 
46 44 14 31 76 14     46 558 37 31 477 22    
   35 75 15        35 489 24    
   41 62 15        41 486 24    
Test 1-3 cell densities [cells∙mL-1∙104]; s=standard deviation; number of replicates=3; initial cell ratio 1:3 
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Table 11-14: Competition test 1-3 with initial cell ratio 3:1 
D. subspicatus  P. subcapitata 
Ratio 3  1 
Day T1 s Day T2 s Day T3 s  Day T1 s Day T2 s Day T3 s 
0 6 2 0 3 1 0 4 2  0 2 1 0 1 1 0 2 2 
2 78 9 3 173 13 1 12 6  2 32 6 3 66 11 1 4 3 
4 355 47 5 344 9 4 181 38  4 161 20 5 153 19 4 108 14 
7 403 90 6 360 8 8 332 29  7 182 17 6 165 14 8 196 28 
12 350 44 7 351 12 15 333 21  12 229 39 7 174 15 15 195 42 
16 332 39 9 343 11 22 357 31  16 220 20 9 190 22 22 172 35 
22 335 25 14 336 9 30 280 37  22 200 20 14 181 21 30 212 51 
26 343 19 20 319 25 38 326 28  26 230 22 20 192 22 38 231 62 
32 324 29 27 320 16 45 296 56  32 236 12 27 210 25 45 195 56 
39 293 21 30 308 24 54 331 30  39 253 18 30 220 25 54 248 46 
46 274 32 34 307 25 61 281 18  46 273 20 34 215 26 61 273 51 
54 262 18 40 291 19 71 268 21  54 287 19 40 256 17 71 286 35 
62 252 27 46 289 49     62 305 25 46 233 38    
   54 287 33        54 295 35    
   62 260 38        62 286 35    
   69 220 47        69 330 29    
Test 1-3 cell densities [cells∙mL-1∙104]; s=standard deviation; number of replicates=3; initial cell ratio 3:1 
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11.2.3.2 C. terricola vs. C. pyrenoidifera 
 
Table 11-15: Competition test 4-6 with initial cell ratio 1:1 
C. terricola  C. pyrenoidifera 
Ratio 1   1 
Day T4 s Day T5 s Day T6 s  Day T4 s Day T5 s Day T6 s 
0 2 1 0 1 0 0 1 0  0 2 2 0 1 0 0 1 0 
2 2 1 1 2 2 1 2 2  2 6 3 1 3 2 1 2 3 
4 9 7 3 4 2 2 4 2  4 19 6 3 11 5 2 6 4 
6 17 5 5 10 2 4 17 4  6 31 4 5 39 5 4 24 10 
10 41 9 8 26 5 7 44 9  10 25 9 8 41 8 7 36 7 
14 56 16 10 29 4 10 57 12  14 12 4 10 48 10 10 48 12 
17 54 9 12 29 6 14 62 9  17 6 4 12 37 8 14 50 6 
20 59 9 15 34 4 17 48 10  20 8 3 15 40 8 17 46 13 
24 70 10 19 36 9 24 - 9  24 9 3 19 42 10 24 - 8 
   26 51 14 31 - 4     26 25 5 31 - 5 
   33 63 8 37 62 7     33 10 3 37 18 5 
Test 4-6 cell densities [cells∙mL-1∙104]; s=standard deviation; number of replicates=3; initial cell ratio 1:1 
 
Table 11-16: Competition test 4-6 with initial cell ratio 1:3 
C. terricola  C. pyrenoidifera 
Ratio 1   3 
Day T4 s Day T5 s Day T6 s  Day T4 s Day T5 s Day T6 s 
0 1 1 0 1 0 0 1 0  0 4 3 0 3 0 0 3 0 
2 3 2 1 2 2 1 1 1  2 11 4 1 6 3 1 7 4 
4 7 4 3 4 4 3 2 1  4 35 7 3 31 4 3 42 7 
6 12 5 5 5 2 5 4 2  6 51 9 5 55 8 5 54 10 
10 28 10 8 9 4 8 16 5  10 26 7 8 57 10 8 51 14 
14 30 4 10 11 4 10 11 4  14 20 8 10 41 6 10 45 7 
17 35 4 12 7 5 12 11 3  17 18 5 12 36 7 12 38 7 
20 38 10 15 14 4 15 13 4  20 16 5 15 39 12 15 36 5 
24 40 9 19 16 5 19 13 7  24 13 3 19 39 7 19 30 4 
   26 33 9 26 38 12     26 22 4 26 22 6 
   33 56 7 33 46 11     33 5 3 33 15 6 
Test 4-6 cell densities [cells∙mL-1∙104]; s=standard deviation; number of replicates=3; initial cell ratio 1:3 
 
Table 11-17: Competition test 4-5 with initial cell ratio 3:1 
C. terricola  C. pyrenoidifera 
Ratio 3   1 
Day T1 s T2 s  Day T1 s T2 s 
0 1 0 3 0  0 1 0 1 0 
2 6 4 9 2  2 2 3 2 2 
4 25 6 42 8  4 4 3 6 4 
6 57 13 73 14  6 6 2 3 3 
10 118 22 139 38  10 4 3 5 3 
13 144 26 149 25  13 6 3 6 3 
20 109 12 146 25  20 3 3 0 2 
Test 4-5 cell densities [cells∙mL-1∙104]; s=standard deviation; number of replicates=3; initial cell ratio 3:1 
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11.2.4 Growth Inhibition Tests 
11.2.4.1 D. subspicatus 
Table 11-18: Growth inhibition test 1 with isoproturon 
Day n Control s n 1 s 0.32 s 0.1 s 0.032 s 0.01 s 
0 6 2 0 3 2.6 0.0 3 0 3 0 3 0 2 0 
1 6 7 1 3 2.6 0.0 3 0 4 0 5 0 5 0 
2 6 35 1 3 3.5 0.2 4 0 12 1 26 3 33 1 
3 6 146 12 3 4.0 0.3 7 0 26 3 114 15 154 6 
Cell densities [cells∙mL-1∙104]; s=standard deviation; n=number of replicates; treatment [mg∙L-1] 
 
11.2.4.2 P. subcapitata 
Table 11-19: Growth inhibition test 2 with isoproturon 
Day N Control s n 3.2 s 1 s 0.32 s 0.1 s 0.032 s 0.01 s 
0 6 2 1 6 1 0 1 0 1 0 2 1 2 1 2 0 
1 6 6 0 6 1 0 1 0 1 0 2 0 4 0 4 1 
2 6 34 4 6 1 0 1 0 2 0 6 0 15 0 20 7 
3 6 189 22 6 2 1 1 1 6 3 18 2 85 13 113 37 
Cell densities [cells∙mL-1∙104]; s=standard deviation; n=number of replicates; treatment [mg∙L-1] 
 
11.2.4.3 C. terricola 
Table 11-20: Growth inhibition test 3 with isoproturon 
Day n Control s n 10 s 3.2 s 1 s 0.32 s 0.1 s 0.032 s 0.01 s 0.0032 s 
0 6 4 0 3 4 0 4 0 4 0 4 0 4 0 5 0 4 0 4 0 
1 6 15 1 3 4 0 4 1 5 0 6 0 9 0 13 0 13 1 14 1 
2 6 33 2 3 4 0 4 0 5 0 6 1 15 1 27 2 31 1 33 2 
3 6 63 4 3 4 1 6 1 5 0 10 2 28 1 48 3 60 8 65 3 
Cell densities [cells∙mL-1∙104]; s=standard deviation; n=number of replicates; treatment [mg∙L-1] 
 
Table 11-21: Growth inhibition test 4 with isoproturon 
Day n Control s n 10 s 3.2 s 1 s 0.32 s 0.1 s 0.032 s 0.01 s 0.0032 s 
0 6 1 0 3 1 0 1 0 1 0 1 0 1 0 1 0 1 0 1 0 
1 6 3 0 3 1 0 1 0 2 0 2 0 2 0 3 0 3 0 3 0 
2 6 5 0 3 1 0 2 0 2 0 2 0 4 0 5 0 6 0 6 0 
3 6 14 2 3 1 0 2 0 2 0 3 0 7 0 12 1 15 1 13 1 
Cell densities [cells∙mL-1∙104]; s=standard deviation; n=number of replicates; treatment [mg∙L-1] 
 
11.2.4.4 C. pyrenoidifera 
Table 11-22: Growth inhibition test 5 with isoproturon 
Day n Control s n 10 s 3.2 s 1 s 0.32 s 0.1 s 0.032 s 0.01 s 0.0032 s 
0 6 4 0 3 4 0 4 0 4 0 4 0 4 0 4 0 3 0 4 0 
1 6 5 1 3 3 0 4 0 3 0 3 0 4 1 4 0 3 0 5 0 
2 6 9 1 3 4 0 4 0 4 0 4 0 5 0 7 1 7 0 9 1 
3 6 17 1 3 3 0 3 0 4 0 4 0 5 0 11 0 12 1 17 2 
Cell densities [cells∙mL-1∙104]; s=standard deviation; n=number of replicates; treatment [mg∙L-1] 
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11.3 Literature Sources for Parameter Values 
 
Table 11-23: Parameter values for cell volumes 
Species Value (*mean) Range Unit Reference 
D. subspicatus 70* 60-80 µm³ OECD (2006) 
D. subspicatus - 16.3-230 µm³ Hoehn et al. (1998) 
D. subspicatus 67.9* 36.6-221 µm³ own data 
P. subcapitata 50* 40-60 µm³ OECD (2006) 
P. subcapitata - 9.5-10.5 µm³ Hoehn et al. (1998) 
P. subcapitata 60* 22-75 µm³ own data 
Chlamydomonas spec. - 14.1-21301 µm³ Hoehn et al. (1998) 
C. geitleri 1974* - µm³ Vyhnálek (1990) 
C. terricola 1001.5* 368.2-4008 µm³ own data 
C. pyrenoidifera 1833* 616.5-4070 µm³ Hoehn et al. (1998) 
C. pyrenoidifera 563.2* 239-1332 µm³ own data (clustered) 
 
Table 11-24: Parameter values for µmax 
Species Value (*mean) Range Unit Reference Remarks 
Green algae - 0.1-5-65 d-1 Jørgensen et al. (2000) - 
D. subspicatus - 1.5-2.02 d-1 Jørgensen et al. (2000) - 
D. subspicatus - 1.2-1.5 d-1 OECD (2006) 21°C, 70 µE∙m-2∙s-1 
D. subspicatus 1.4* 0.9-1.9 d-1 BCS data - 
D. subspicatus 1.74* 0.6-2.0 d-1 own data - 
P. subcapitata - 1.27-1.99 d-1 Jørgensen et al. (2000) - 
P. subcapitata 2.136±0.072 - d-1 Nyholm (1977) - 
P. subcapitata - 1.85-2.45 d-1 Goldman and Carpenter (1974) - 
P. subcapitata - 1.5-1.7 d-1 OECD (2006) 21°C, 70 µE∙m-2∙s-1 
P. subcapitata 1.5* 0.8-2.1 d-1 BCS data - 
P. subcapitata 1.78* 0.7-2.12 d-1 own data - 
Chlamydomonas spec. 2.64 - d-1 Jørgensen et al. (2000) - 
Chlamydomonas spec. - 1.75-2.08 d-1 Ahn (2002) - 
Chlamydomonas spec. 1.258 - d-1 Sommer (1983) - 
Chlamydomonas spec. 0.79* 0.61-0.96 d-1 Grover (1989) - 
C. geitleri - 2.6-2.95 d-1 Vyhnálek (1990) - 
C. terricola 2.1 0.8-2.1 d-1 own data - 
Cryptomonas spec. 0.49 0.39-0.58 d-1 Grover (1989) - 
C. ovata 0.5 - d-1 Cloern (1977) - 
C. ovata 0.82 - d-1 Jørgensen et al. (2000) - 
C. pyrenoidifera 1.0 0.8-1.0 d-1 own data - 
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Table 11-25: Parameter values for Topt, Tmin and Tmax 
Species Value (*mean) Range Unit Reference Remarks 
Scenedesmus spec. 27 - °C Jørgensen et al. (2000) Topt 
Scenedesmus spec. 37 - °C Straškraba and Gnauck (1983) Topt 
Scenedesmus spec. - 27-30 °C Seip and Reynolds (1995) Topt 
P. subcapitata 28 - °C Jørgensen et al. (2000) Topt 
P. subcapitata 28 - °C Seip and Reynolds (1995) Topt 
C. geitleri - 22-23 °C Vyhnálek (1990) Topt 
C. geitleri - 22-23 °C Nečas (1982) Topt 
Cryptomonas spec. - 20-24 °C Jørgensen et al. (2000) Topt 
Phytoplankton 35 - °C Jørgensen et al. (2000) Tmax 
Phytoplankton - 35-42 °C Goldman and Carpenter (1974) Tmax 
C. ovata 8 - °C Cloern (1977) Tmin 
Scenedesmus spec. - 120-130 µE∙m-2∙s-1 Jørgensen et al. (2000) Iopt 
Selenastrum spec. - 120-130 µE∙m-2∙s-1 Jørgensen et al. (2000) Iopt 
C. ovata - 62-69 µE∙m-2∙s-1 Cloern (1977) Iopt 
Cryptomonas spec. - 80 µE∙m-2∙s-1 Nečas (1982) Iopt 
Cryptomonas spec. - 80 µE∙m-2∙s-1 Seip and Reynolds (1995) Iopt 
C. geitleri - 138-230 µE∙m-2∙s-1 Vyhnálek (1990) Iopt 
 
Table 11-26: Parameter values for ks 
Species Value (*mean) Range Unit Reference Remarks 
Scenedesmus spec. - 0.019-0.484 mg P∙L-1 Jørgensen et al. (2000) ks 
Scenedesmus spec. - 0.018-0.068 mg P∙L-1 Jansson (1993) ks 
Scenedesmus spec. 0.00034  mg P∙L-1 Jørgensen et al. (2000) ks 
Scenedesmus spec - 0.00013-0.015 mg P∙L-1 Grover (1989) ks 
P. subcapitata 0.005 - mg P∙L-1 Jørgensen et al. (2000) ks 
P. subcapitata 0.08±0.02 - mg P∙L-1 Nyholm (1977) ks 
Chlamydomonas spec. 0.01598 - mg P∙L-1 Ahn (2002) ks 
Chlamydomonas spec. - 0.00003-0.012 mg P∙L-1 Grover (1989) ks 
C. geitleri 0.00139 - mg P∙L-1 Vyhnálek (1990) ks 
Cryptomonas spec. - 0.00013-0.00297 mg P∙L-1 Grover (1989) ks 
C. ovata 0.026 - mg P∙L-1 Cloern (1978) ks 
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Table 11-27: Parameter values for qmin and qmax 
Species Value (*mean) Range Unit Reference Remarks 
Scenedesmus spec. 1.6 - µmol P∙cell-1∙10-9 Gotham and Rhee (1981) qmin 
Scenedesmus spec. 0.00073* 0.00064-0.00084 µg P∙µg fwt-1 Gotham and Rhee (1981) rc qmin 
Scenedesmus spec. 4 - fmol P∙cell-1 Grover (1989) qmin 
Scenedesmus spec. 0.0018* 0.0016-0.0021 µg P∙µg fwt-1 Grover (1989) rc qmin 
P. subcapitata  4-70 µg P∙cell-1 Brown and Button (1979) qmin 
P. subcapitata 0.001* 0.00067-0.0175 µg P∙µg fwt-1 Brown and Button (1979) rc qmin 
P. subcapitata 1.46 - µg P∙mg dwt-1 Nyholm (1977) qmin 
P. subcapitata 0.00146 - µg P∙µg fwt-1 Nyholm (1977) rc qmin 
Chlamydomonas spec. 3.5 - fmol P∙cell-1 Grover (1989) qmin 
Chlamydomonas spec. 0.078 - fmol P∙µm-3 Grover (1989) qmin 
Chlamydomonas spec. - 0.00005-0.002416 µg P∙µg fwt-1 Grover (1989) rc qmin 
Chlamydomonas spec. 9.6 - fmol P∙cell-1 Ahn (2002) qmin 
Chlamydomonas spec. - 0.00015-0.00078 µg P∙µg fwt-1 Ahn (2002) rc qmin 
C. geitleri 0.022 - µmol∙mm-3 Vyhnálek (1990) qmin 
C. geitleri 42.7 - µmol P∙cell-1 Vyhnálek (1990) qmin 
C. geitleri 0.03480* 0.00033-0.09379 µg P∙µg fwt-1 Vyhnálek (1990) rc qmin 
C. ovata 0.0035 - pmol P∙105 cells Cloern (1978) qmin 
C. ovata - 0.00003-0.00012 µg P∙µg fwt-1 Cloern (1978) rc qmin 
C. ovata 12 - fmol P∙cell-1 Grover (1989) qmin 
C. ovata 0.015 - fmol P∙µm-3 Grover (1989) qmin 
C. ovata - 0.00008-0.00101 µg P∙µg fwt-1 Grover (1989) rc qmin 
Phytoplankton 0.03 - µg P∙µg fwt-1 Jørgensen et al. (2000) qmin 
Scenedesmus spec. 0.015 - µg P∙µg fwt-1 Gotham and Rhee (1981) qmax 
P. subcapitata 0.0175 - µg P∙µg fwt-1 Nyholm (1977) qmax 
rc: recalculated based on fresh weight; proposed calculation from dwt → fwt with a factor of 10 (Hoehn et al. 1998) 
 
Table 11-28: Parameter values for vmax and mmax 
Species Value (*mean) Range Unit Reference Remarks 
Scenedesmus spec. - 0.647±0.290∙10-10 µmol P∙cell-1∙min-1 Gotham and Rhee (1981) vmax 
Scenedesmus spec. 0.0524* 0.0207-015118 µg P∙µg fwt-1∙d-1 Gotham and Rhee (1981) rc vmax 
Scenedesmus spec. 12∙10-9  µmol P∙cell-1∙h-1 Lehman et al. (1975) vmax 
Scenedesmus spec. 0.1312* 0.11584-0.1512 µg P∙µg fwt-1∙d-1 Lehman et al. (1975) rc vmax 
P. subcapitata 0.504* 0.432-0.552 µg P∙µg dwt-1∙d-1 Nyholm (1977) vmax 
 0.0504* 0.0432-0.0552 µg P∙µg fwt-1∙d-1 Nyholm (1977) rc vmax 
Chlamydomonas spec. 0.217 - fmol P∙cell-1∙min-1 Ahn (2002) vmax 
 0.0084* 0.0049-0.02547 µg P∙µg fwt-1∙d-1 Ahn (2002) rc vmax 
C. ovata 0.0004∙10-6 - µmol P∙cell-1∙h-1 Cloern (1977) vmax 
 - 0.00438-0.07464 µg P∙µg fwt-1∙d-1 Cloern (1977) rc vmax 
C. ovata - 0.150-0.450∙10-9 µmol P∙cell-1∙h-1 Cloern (1978) vmax 
 - 0.00014-0.0014 µg P∙µg fwt-1∙d-1 Cloern (1978) rc vmax 
Phytoplankton - 0.01-0.3 d-1 Jørgensen et al. (2000) mmax 
rc: recalculated based on fresh weight; proposed calculation from dwt → fwt with a factor of 10 (Hoehn et al. 1998) 
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11.4 Algae Growth Media 
11.4.1 OECD 201 culture medium 
 
Preparation 
Table 11-29: Recipe for OECD 201 nutrient medium 
Stock solutions and final concentration in culture medium 
Stock solution Ingredient Add. per 1 L stock solution Add. per 1 L culture medium 
1. NH4CL 1.5 g 10 mL 
 MgCl2 x 6 H2O 1.2 g   
 CaCl2 x 2 H2O 1.8 g   
 MgSO4 x 7 H2O 1.5 g   
 KH2PO4 0.16 g   
      
2. Fe-EDTA   1 mL 
 FeCl3 x 6 H2O 64 mg   
 EDTA (Titriplex III)* 100 mg   
 
3. Trace Elements   1 mL 
 H3BO3 185 mg   
 MnCl2 x 4 H2O 415 mg   
 ZnCl2 3 mg   
 CoCl2 x 6 H2O 1.5 mg   
 CuCl2 x 2 H2O 0.01 mg   
 Na2MoO4 x 2 H2O 7 mg   
      
4. Bicarbonate   1 mL 
 NaHCO3 50 g   
      
 Na2SiO3 x 9 H2O     
*EDTA (Titriplex III) and FeCl3 x 6 H2O is heated for 30 min (100°C) 
 
The stock solutions are sterilised by membrane filtration (mean pore diameter 0.2 µm) or by 
autoclaving (120°C, 15 min). The solutions are then stored in the dark at 4°C. Stock solutions 
2 and 4 are not autoclaved but sterilized by membrane filtration. Growth medium is prepared 
by adding an appropriate volume of the stock solutions 1-4 to water. Addition to 500 mL of 
sterilized water as follows: 10 mL of stock solution 1, 1 mL of stock solution 2-4. Make up to 
1000 mL with sterilized water. Allow sufficient time for equilibrating the medium with the at-
mospheric CO2, if necessary by bubbling with sterile, filtered air for some hours (OECD 
2006). 
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11.4.2 WARIS-H culture medium 
 
Preparation 
The culture media was first introduced by McFadden and Melkonian (1986) and can be used 
as an universal growth media for algae cultures. It uses soil extract as ingredient so that also 
algae species with unknown growth requirements can be cultivated. The media is in use for 
stock cultures of the algae strains collection of the University of Cologne. The soil used for 
this work was originally obtained from the Botanic Institute of the University of Cologne, 
working group of Dr. Hoef-Emden and Dr. Melkonian. 
Table 11-30: Recipe for WARIS-H nutrient medium 
Stock solutions and final concentration in culture medium 
Stock Solution Ingredient Add. per 1 L stock solution Add. per 1 L culture medium 
1. KNO3 (1.00 mM) 100 g 1 mL 
2. MgSO4 x 7 H2O (81.10 µM) 20 g 1 mL 
3. (NH4)2HPO4 (0.15 mM) 20 g 1 mL 
4. Ca(NO3)2 x 4 H2O (0.42 mM) 100 g 1 mL 
5. HEPES 238.31 g 1 mL 
      
6. P-II Metals   1 mL 
 EDTA (Titriplex III)* (8.06 µM) 3 g   
 H3BO3 (18.43 µM) 1.14 g   
 MnCl2 x 4 H2O (0.73 µM) 144 mg   
 ZnSO4 x 7 H2O (73.00 µM) 21 mg   
 CoCl2 x 6 H2O (16.80 nM) 4 mg   
      
7. Fe-EDTA   1 mL 
 EDTA (Titriplex II)** (17.86 µM) 5.22 g   
 FeSO4 x 7 H2O (17.90 µM) 4.98 g   
 1 N KOH 54 mL   
      
8. Vitamins   1 mL 
 Vitamin B12 (0.15 nM) 0.2 mg   
 Biotin (4.10 nM) 1 mg   
 Thiamine-HCL (0.30 µM) 100 mg   
 Niacinamide (0.80 nM) 0.1 mg   
 pH of this solution should be around pH 7.0    
      
9. Soil Extract   10 mL 
*Dissolve EDTA (Titriplex III, Ethylenediaminetetraacetic acid disodium salt dihydrate) and boric acid in bidistilled H2O, then add 
metals one after the other 
**EDTA (Titriplex II, Ethylenediaminetetraacetic acid) and FeSO4 x 7 H2O is heated for 30 min (100°C); KOH is added to the 
cooled mixture 
 
Preparation of Soil Extract 
10 g of garden-soil is mixed with 120 mL bidistilled water and boiled for 10 minutes. After-
wards it is centrifuged for 10 minutes (low speed), and the supernatant is filtered through a 
series of membrane filters from 1.2 µm – 0.1 µm pore size. The remaining filtrate is adjusted 
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to 100 mL with bidistilled water. Aliquots of 10 mL are stored frozen. The soil should not be 
recently fertilised and should not contain too much humus. 
Preparation of Culture Solution 
Add 1 mL of stock solutions 1-8 to 1000 mL water. Add 10 mL of thawed soil extract (=stock 
solution 9), adjust to pH 7.0 and autoclave. 
WARIS-H + Additional Vitamins 
Prepare WARIS-H culture medium as indicated above; however, add 3 mL of vitamins (stock 
solution 8). 
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11.4.3 KUHL culture medium 
 
Table 11-31: Recipe for KUHL nutrient medium 
Stock solutions and final concentration in culture medium 
Stock solution Ingredients Add. per 1 L stock solution Add. per 1 L culture medium 
1. KNO3 (1.00 M) 101.1 g 10 mL 
2. NaH2PO4 x 2 H2O (0.45 M) 70.2 g or 10 mL 
2. NaH2PO4 x 1 H2O (0.45 M) 62.1 g 10 mL 
3. Na2HPO4 x 2 H2O (0.05 M) 8.9 g 10 mL 
4. MgSO4 x 7 H2O (0.1 M) 24.65 g 10 mL 
5. CaCl2 x 2 H2O 1.47 g 10 mL 
      
6. Trace Metals   1 mL 
 H3BO3 (18.43 µM) 61 mg   
 MnSO4 x 1 H2O 169 mg   
 ZnSO4 x 7 H2O 287 mg   
 CuSO4 x 5 H2O 2.5 mg   
 (NH4)6Mo7O24 x 1 H2O 12.5 mg   
      
7. Fe-EDTA   1 mL 
 EDTA (Titriplex III)** 9.3 g   
 FeSO4 x 7 H2O (17.90 µM) 7 g   
*EDTA (Titriplex III, Ethylenediaminetetraacetic acid disodium salt dihydrate) and FeSO4 x 7 H2O is heated for 30 min (100°C) 
 
Preparation of Culture Solution 
Add 10 mL of stock solution 1-5 to 1000 mL water, and then add 1 ml of stock solution 6 to 
the mixture. Autoclave for 20 minutes or dry in a drying chamber at 180°C for 2 hours and 
afterwards, add 1 mL of stock solution 7 to the mixture. 
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11.5 Photosynthesis Inhibiting Herbicides 
 
Photosynthesis is a conversion of light energy into chemical energy and a build-up of sugar 
by transformation of CO2 and water. Photosynthesis occurs in plants, bacteria and also in 
algae and provides the food basis (sugar) for heterotrophic organisms (Taiz and Zeiger 
1999). Two photosystems, the photosystems I and II, catalyse the oxygenic photosynthesis. 
There are many possible targets for herbicides in the cascade of processes of light-
dependent photosynthesis. One group has as its target the PS II system of photosynthesis 
resulting in inhibition of photosynthesis as mode of action. The mode of action is the overall 
manner in which a herbicide affects a plant at the tissue or cellular level. Herbicides with the 
same mode of action will have the same translocation (movement) pattern and produce simi-
lar injury symptoms. Selectivity on crops and weeds, behavior in the soil and use patterns 
are less predictable but are often similar for herbicides with the same mode-of-action (Ross 
and Childs 1996). 
Photosynthesis inhibitors include triazines, phenylureas, uracils, benzothiadiazoles, nitriles, 
carbamate and dicarboxylic acid (Dexter et al. 2006). Photosynthesis inhibitors shut down 
the photosynthetic (food producing) process in susceptible plants by binding to specific sites 
(Isoproturon binding site is the PS II) within the plant chloroplast. Inhibition of photosynthesis 
could result in a slow starvation of the plant; however, in some situations rapid death occurs 
perhaps from the production of secondary toxic substances. Injury symptoms include yellow-
ing (chlorosis) of leaf tissue followed by death (necrosis) of the tissue. Three of the herbicide 
families (triazines, phenylureas and uracils) are taken up into the plant via the roots or foliage 
and move in the xylem to plant leaves (Dexter et al. 2006). As a result, injury symptoms will 
first appear on the older leaves, along the leaf margin. Foliar applied photosynthetic inhibitors 
generally remain in the foliar portions of the treated plant and movement from foliage to roots 
is negligible. 
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11.6 Approach to Combine Flow-through Tests and Modelling 
 
This chapter gives a short description on how to operate algae flow-through experiments. A 
conceptual diagram is given in Figure 11-1. 
Preparation of the system 
All glass parts of the system were rinsed and cleaned with hydrochloric acid (10%), thereaf-
ter autoclaved for about 30 minutes at 120°C. All plastic parts of the system were also auto-
claved, including the hose connections and nozzles. The Teflon hoses were replaced after 
each experiment, also the ringsparger system needed to be renewed. Sterile filters were re-
newed at least every 7 days during an experiment. Nutrient media was prepared freshly prior 
to test start according to OECD 201 under axenic conditions.  
Inoculation of algae cultures 
Pre-cultures of the selected species were prepared 3-4 days prior to begin of the flow-
through experiments. The initial cell density for inoculation of the reactor system proposed to 
be 5-80∙104 cells∙mL-1 (this is only a suggestion, see chapter 7.2.1 and Figure 7-4) while in-
oculation was placed under axenic conditions. 
Steady-state condition in the system 
The steady-state condition was achieved between 7-14 days, dependent on duration of the 
lag-phase, dilution rate, initial cell density and amount of substrate in the system. Measure-
ments of cell densities were conducted by cell counting using bright-lined Thoma© cham-
bers. Each sample was counted at least 4 times in order to prevent high standard deviations. 
The steady-state was achieved when the change of the cell density is not higher than ≤5% 
for at least 3 consecutive days. This was also suggested by Ahn (2002). 
Exposure period 
In order to reflect a complex exposure pattern in the flow-through system, the required FO-
CUS exposure calculations and simplifications for use in the test system were conducted for 
the selected test substance. The duration of the exposure period takes at least the duration 
of the worst case simulation period of the FOCUS pattern; a generic pattern consisted of a 
high peak with x-magnitudes of the corresponding ErC50 value, several short peaks and a 
constant period. If required, a 10 × ErC50 peak was used in order to address a 10-fold safety 
margin. 
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Re-achievement of initial steady-state level 
After each exposure period the algae population in the system should recover to its steady-
state condition due to substance dissipation from the system. Depending on specific expo-
sure scenarios it is possible not to re-establish to the steady-state between each exposure 
peak in order to observe effects of additional substance inflows. However, after the exposure 
period, the system either reaches the steady-state or the population would theoretically ex-
tinct. 
Evaluation of the results 
After operating the specific exposure pattern in the flow-through system, the results were 
described by the model and the measurements were interpreted in combination with the 
modelling results. Effects on the population level and the corresponding recovery times can 
be derived from the results. 
 
Figure 11-1: Approach to combine flow-through experiments and population modelling 
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11.7 Materials and Software 
 
Reactor System and Peripherals 
• Doppelmantel-Bioreaktor NW120 1 L aus DURAN-Glas mit Anschlußstutzen für 
Temperierbad, 1 Ablaufstutzen, 6 Deckeldurchführungen GL 18 
• Reaktordeckel aus DURAN-Glas NW120 mit 6 Deckeldurchführungen GL18 O-Ring 
Dichtung, Edelstahl Schnellverschluss 
• Ringsparger mit Zuluftfilter PTFE 0.2 µm 
• Abluftkühler mit Filter PTFE 0,2 µm 
• Schwebekörper Durchflussmesser mit Nadelventil 0.1-1L/min 
• Verbindungsschläuche 
• Beleuchtungsmantel max. 30 kLux in 4 Gruppen schaltbar 
• Durchflussmengenmesser Typ DK800 N 
• „Prominent mikro g/ 5a“-Pumpe (Typ 061500) 
• Fisherbrand® Bad-/Umwälzthermostat FBH606 20...100° C, 1,5 KW, Edelstahlbad 7 
Liter 
 
Software 
• Matlab®, version 2008a 
• ToxRat© Professional, version 2.09, ToxRat Solutions GmbH, Alsdorf, Germany 
• FOCUS SWASH v. 3.1, FOCUS PRZM v. 2.4.1, FOCUS MACRO v. 3.3.1 and FO-
CUS TOXSWA 3.3.1 (FOCUS 2003) 
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Summary 
 
The EU risk assessment of pesticides for aquatic organisms relates measured effect data to 
exposure values obtained from model predictions. The FOCUS exposure models provide 
Predicted Environmental Concentrations in surface waters. Calculations use realistic worst-
case scenarios, based on representative agricultural conditions. Pesticide input via spray 
drift, runoff or drain flow results in exposure patterns in a time-variable scale. On the other 
hand, standard toxicity tests and effect data are based on the assumption of a single expo-
sure event into a static water body. Relating the results of these standard tests to FOCUS 
time-variable exposure patterns is only possible by gross simplifications and the use of overly 
conservative worst-case assumptions. The topic on how to relate pulsed exposure patterns 
to simple exposure assumptions is discussed since the inclusion of the FOCUS scenarios in 
the EU risk assessment of pesticides.  
Although no official regulatory guidance is available at present, some approaches how to 
evaluate pulsed exposure and how to consider it in risk assessments were proposed by 
workshops (e.g. ELINK and LEMTOX). Population-level effects and time-to-recovery after 
time-variable exposure are aspects of increasing importance. Knowledge about the respons-
es of aquatic organisms (e.g. green algae) to time-variable exposure needs to be gained for 
more realistic, but still conservative risk assessments. One way forward is the use of popula-
tion models within the higher-tier risk assessment, in close combination with ecotoxicological 
experiments. Population modelling was explicitly mentioned as a helpful and promising op-
tion in pesticide risk assessments by the ELINK and LEMTOX workshops and has been 
gaining more and more practical significance, e.g. by the CREAM project, a Marie Curie 
Training Network funded by the EU.  
Out of the multitude of interactions of pesticides and aquatic non-target organisms, the ex-
ample of herbicides and algae was chosen for this work. This work aimed to develop and test 
a new approach to assess the effects of time-variable exposure on algae. This approach 
comprised the close combination of ecotoxicological experiments and population modelling. 
It involved the development of an algae model including all necessary steps for verification 
and validation as well the performance of laboratory experiments.  
 
Four algae species were selected as test organisms which constitute taxonomic groups in 
aquatic ecosystems of structural and functional importance, particularly with regard to their 
abundance in artificial pond systems, such as mesocosms. The herbicide isoproturon was 
selected as test substance due to its reversible effects on algae growth as photosystem II 
inhibitor. 
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A mechanistic compartment model, SAM-X (Simple Algae Model EXtended), was developed. 
This model describes population dynamics of the four different algae species under static as 
well as under continuous culture conditions. In the model the population growth is affected by 
light, temperature, nutrient availability and an external chemical stressor. SAM-X is simple 
with a transparent model structure and traceable processes. All parameters and functions in 
the model relate to ecological processes and the parameter values can be independently 
determined by laboratory experiments. An extensive literature research was performed to 
obtain data for a model parameterization. Literature sources often provided only value rang-
es for families or genera, e.g., Scenedesmus spp., Cryptomonas spp., or values obtained by 
model fits or estimations. Therefore, several parameter values or ranges from literature were 
confirmed by own experiments. The range of tests covered investigations on long-term 
growth, phosphate uptake, competition, capacity, light, temperature and nutrient limitation. It 
was possible to determine parameter values for the respective algae species in good equiva-
lence with the ranges found in literature. A sensitivity analysis of the model allowed identify-
ing the key parameters that influence the simulations results. Model verification and valida-
tion by additional independent experiments provided standardized parameter sets, related to 
the physiological properties of the algae. The availability of standardized parameter sets 
made it possible to minimize the required input data for simulations. In addition, the use of 
data routinely generated within the risk assessment is feasible without the requirement to 
perform additional studies.  
In a next step, standard growth inhibition studies were successfully performed with isopro-
turon for the selected algae species. The obtained toxicity data was used for modelling pur-
poses in order to describe effects of isoproturon at any given concentration and exposure 
profile. Calculations with the FOCUS exposure models allowed the identification of a worst-
case scenario for isoproturon with a corresponding time-variable exposure pattern.  
The experimental approach of this work was the development and application of a flow-
through system for the continuous culture of algae. Thereby, the exposure of algae popula-
tions to a pesticide could be investigated in a time-variable scale. This setup was based on 
the Chemostat principle, which allowed a continuous operation in a stable manner without 
the need of external influence. Preliminary tests allowed to reveal technical issues and en-
sured the long-term stability of the system. Growth tests were performed to test the behavior 
of D. subspicatus in a continuous culture. In addition, a first flow-through test with D. subspi-
catus exposed to 3,5-dichlorophenol, the reference substance for algae testing, was per-
formed. The results proved the usability of the system for the assessment of effects of time-
variable exposure on algae. In parallel, the model was applied and was able to predict the 
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experimental data in a good manner. Thus, the outcome of the simulations confirmed the 
viability of the model to predict flow-through experiments with pulsed exposure. Considering 
these results, proceed to the flow-through tests with isoproturon was reasonable. 
Two long-term flow-through experiments were performed; one with each of the standard test 
species D. subspicatus and P. subcapitata. The FOCUS exposure pattern was slightly modi-
fied for reproduction in the system. A whole range of pulsed peaks with different heights and 
durations as well as periods of constant exposure were realized within the experiments. Both 
tests were conducted according to the same scheme: After the achievement of a steady-
state condition in the system, the algae were exposed to the test substance according to the 
calculated exposure pattern. In addition, a high peak of isoproturon was considered accord-
ing to an ErC95, with the intention to cause strong effects on the populations. The exposure 
periods provoked impacts on the population density, subsequently followed by a rapid recov-
ery due to substance dissipation from the system according to the dilution rate. 
No changes in sensitivity, any prolonged recovery phase, any altered response or adaption 
to the test substance were observed. No differences of impact of isoproturon on the popula-
tions over time in terms of growth were detected; neither after the constant exposure period, 
nor after the additional high peak. Potential structural changes in the populations were not 
investigated during these experiments. Even strong inhibitions of the growth rate over a cer-
tain limited period showed no implications to pose a perilous threat for the population. The 
results of the flow-through experiments support the conclusion that the growth rate (as rele-
vant endpoint in risk assessment of pesticides) can be used as indicator for a potential en-
dangerment of a population. Model predictions of population growth dynamics as well as the 
effects of exposure followed by a recovery were in good agreement with the experimental 
data. The boundary conditions of the experiment, the standardized parameter sets together 
with the toxicity data were the only required input data for simulations. Therefore, the simula-
tion of the experimental data was possible using these data sets without any need of fitting or 
optimization. Deviations between model results and experimental data were conservative in 
the context of a pesticide risk assessment in all cases. 
The results of this work confirm the proposals available in literature to use flow-through sys-
tems as appropriate higher-tier tools to assess effects of complex toxicant exposure to algae.  
The algae model proved its capability to simulate effects on population growth and times to 
recovery after time-variable exposure of toxicants. Moreover, the results support the use of 
the algae model as a predictive tool to assess effects of pesticides on population level. Thus, 
an implementation of the model as an inherent part of the pesticide risk assessment would 
be an asset. The usefulness of the combined approach was confirmed by the results, as not 
only the experiments offered detailed information on population-level effects after pesticide 
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exposure, also the model application showed practical advantages: It can be applied for de-
signing and improving the flow-through study as a first step, to describe the results as a se-
cond step, and thirdly, to extrapolate to different exposure scenarios to predict effects on the 
algae populations.  
In summary, this work demonstrated an excellent option to represent pulsed exposure of a 
pesticide and corresponding effects on algae a bit closer to reality. The conclusive results of 
the combined approach confirm the beneficial use of population models as supporting tools 
in higher-tier risk assessment of aquatic toxicants. 
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Zusammenfassung 
 
Die Risikoabschätzung von Pflanzenschutzmitteln für aquatische Nicht-Zielorganismen in der 
Europäischen Union vergleicht gemessene Effektdaten mit Modellvorhersagen zur Expositi-
on. FOCUS-Expositionsmodelle liefern dazu Vorhersagen von Umweltkonzentrationen in 
Oberflächengewässern. Diese Modellrechnungen basieren auf realistischen worst-case Sze-
narien, die landwirtschaftliche Nutzungsbedingungen in der EU repräsentieren. Der Eintrag 
von Pflanzenschutzmitteln kann über Spray-Drift, Oberflächenabfluss oder Dränage, in Kom-
bination und mehrfach erfolgen, was zusammen mit der Fließdynamik zu zeitlich variabler 
Exposition im Gewässer führt. Im Gegensatz dazu basieren die Standardlaborstudien, die 
Messdaten von Toxizität und Effekten liefern, auf der Annahme eines singulären Substanz-
eintrages in ein stehendes Gewässer. Ein Vergleich dieser einfachen Annahmen mit zeitlich-
variablen Eintragsmustern aus den FOCUS-Modellen ist schwierig und ist bisher nur durch 
grobe Vereinfachungen und durch unrealistische worst-case Abschätzungen möglich. 
Seit Einführung der FOCUS-Szenarien für die Risikoabschätzung von Pflanzenschutzmitteln 
in der EU wird darüber diskutiert, wie zeitlich-variable Eintragsmuster mit Effektdaten auf 
Basis einfacher Expositionsannahmen verglichen und interpretiert werden sollen. Obwohl es 
bis jetzt keine offizielle regulatorische Richtlinie für eine Bewertung von zeitlich-variabler Ex-
position und deren Platzierung in der Risikoabschätzung gibt, wurden bereits Vorschläge 
dazu in verschiedenen Workshops (z.B. ELINK und LEMTOX) ausgearbeitet. Abschätzun-
gen von Effekten auf Populationsebene und von Wiedererholungszeiten nach zeitlich-
variabler Exposition gewinnen mehr und mehr an Bedeutung. Um die Risiken für aquatische 
Organismen (z.B. Grünalgen) realistischer, aber dennoch protektiv und  mit ausreichenden 
Sicherheitsmargen abschätzen zu können, muss in diesem Bereich ein fundiertes Grundla-
genwissen geschaffen werden. 
Der kombinierte Einsatz von Populationsmodellen und ökotoxikologischen Experimenten ist 
dabei ein vielversprechender Schritt nach vorne. Die Verwendung von Populationsmodellen 
für die Risikoabschätzung von Pflanzenschutzmitteln wurde bereits in den Workshops von 
ELINK und LEMTOX bestätigt und gewinnt nun zunehmend an praktischer Bedeutung, z.B. 
durch CREAM, einem Marie Curie Training Network. 
Für die vorliegende Arbeit wurden aus der Vielzahl von möglichen Interaktionen von Pflan-
zenschutzmitteln und aquatischen Nicht-Zielorganismen beispielhaft die Kombination von 
Herbiziden und Algen ausgewählt. Diese Arbeit hatte das Ziel, einen neuen Ansatz für die 
Bewertung von Effekten zeitlich-variabler Exposition auf Algen zu entwickeln und zu testen. 
Dieses Konzept besteht darin, ökotoxikologische Experimente eng, zielgerichtet und aufei-
nander abgestimmt mit dem Einsatz eines Populationsmodells zu kombinieren. Dies erfor-
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derte zum einen die Entwicklung eines Algenmodells, einschließlich aller notwendigen Schrit-
te zur Überprüfung und Validierung des Modells, und zum anderen die Durchführung von 
Laborexperimenten für die Erhebung empirischer Daten. 
 
Vier verschiedene Algenspezies wurden als Testorganismen ausgewählt. Diese repräsentie-
ren wichtige taxonomische Gruppen von besonderer struktureller und funktioneller Bedeu-
tung in aquatischen Ökosystemen, und kommen häufig in Modellökosystemen, beispielswei-
se Mesokosmen, vor. Als geeignete Testsubstanz für die Untersuchung eines reversiblen 
Effekts auf das Algenwachstum, wurde das Herbizid Isoproturon mit seiner Eigenschaft als 
Photosystem II Hemmer ausgewählt. 
 
Das mechanistische Kompartiment-Modell SAM-X (Simple Algae Model EXtended) wurde im 
Rahmen dieser Arbeit entwickelt. Das Modell kann die Wachstumsdynamiken der vier ver-
schiedenen Algenspezies unter statischen oder kontinuierlichen Kulturbedingungen be-
schreiben. Das Wachstum der Algen im Modell kann durch Licht, Temperatur, Nährstoffver-
fügbarkeit und einen chemischen Stressor beeinflusst werden. SAM-X ist einfach aufgebaut, 
mit einer transparenten Modellstruktur und nachvollziehbaren Prozessen. Die verwendeten 
Parameter und beschriebenen Prozesse basieren auf relevanten ökologischen Begebenhei-
ten. Eine Bestimmung der Werte aller im Modell verwendeten Parameter ist grundsätzlich 
durch unabhängige Laborexperimente möglich.  
 
Als erster Schritt wurde eine intensive Literaturrecherche durchgeführt, um Basisdaten zu 
erhalten, die eine Parametrisierung des Modells ermöglichen sollten. Die Daten in der Litera-
tur werden jedoch häufig als Wertebereiche und selten für einzelne Spezies, sondern zu-
meist auf Gattungs- oder Familienebene angegeben (z.B. Scenedesmus spp., Cryptomonas 
spp.), oder sie basierten auf Modellanpassungen oder Schätzungen. Für eine fundierte Pa-
rametrisierung war es deshalb nötig, verschiedene Wertebereiche und Daten durch eigene 
Experimente zu bestätigen. Die experimentellen Arbeiten umfassten die Erhebung von 
Langzeitdaten über das Algenwachstum, Tests zur Populationskapazität, Phosphataufnahme 
und Konkurrenz, sowie Wachstumstests mit Licht-, Temperatur- und Nährstofflimitierung. 
Diese Untersuchungen ermöglichten die Bestimmung von Parameterwerten für die jeweiligen 
Algenspezies, wobei die eigenen Messdaten eine gute Übereinstimmung mit den Wertebe-
reichen aus der Literatur aufwiesen. 
 
Eine Sensitivitätsanalyse des Modells erlaubte es nun, die Parameter zu identifizieren, wel-
che die Simulationsergebnisse besonders beeinflussen. Die Überprüfung des Modells und 
eine anschließende Validierung durch zusätzlich durchgeführte, unabhängige Experimente, 
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ermöglichten es, standardisierte Parametersätze bereitzustellen, welche die physiologischen 
Eigenschaften der Algenspezies beschreiben. Durch die Entwicklung dieser Standardpara-
metersätze wurde es möglich, die benötigten Inputdaten für Simulationen auf ein Minimum 
zu reduzieren. Im Besonderen ist es dadurch möglich, jene Messdaten die standardmäßig im 
Rahmen der Risikoabschätzung von Pflanzenschutzmitteln erhoben werden, direkt als Mo-
dellinput zu verwenden, ohne dass zusätzliche Studien notwendig sind. 
 
Im nächsten Schritt wurden Standard-Wachstumshemmtests mit Isoproturon für jede der 
ausgewählten Algenspezies erfolgreich durchgeführt. Die erhobenen Toxizitätsdaten wurden 
für die Modellierung verwendet, um die Effekte von Isoproturon bei jeder gegebenen Kon-
zentration und zu jedem Expositionsprofil simulieren zu können. Berechnungen für Isoprotu-
ron mit den FOCUS-Modellen erlaubten die Identifizierung eines worst-case Szenarios mit 
dem zugehörenden zeitlich-variablen Expositionsprofil. 
 
Um das Ziel dieser Arbeit auch von der experimentellen Seite zu adressieren, wurde ein 
Durchflußsystem zur kontinuierlichen Kultivierung von Algen entwickelt und eingesetzt. Die 
Verwendung eines solchen Systems machte es möglich, Algenpopulationen einem Pflan-
zenschutzmittel  im zeitlich-variablen Maßstab auszusetzen. Der Aufbau des Systems basier-
te auf dem Chemostatenprinzip, welches ohne die Notwendigkeit einer externen Einfluss-
nahme einen langfristig stabilen Einsatz ermöglichte. Vorbereitende Tests des Systems er-
laubten die Identifizierung und Beseitigung von technischen Fehlerquellen und stellten die 
Stabilität für Langzeitversuche sicher. Mehrere Versuche mit D. subspicatus im Durchfluß-
system wurden durchgeführt, um das Verhalten unter kontinuierlichen Wachstumsbedingun-
gen zu untersuchen. Im ersten Hauptversuch wurde D. subspicatus der Referenzsubstanz 
für Algentests, 3,5-Dichlorphenol, ausgesetzt. Die Ergebnisse bestätigten die Eignung des 
Systems für die Bewertung der Effekte zeitlich-variabler Exposition auf Algenpopulationen. 
Parallel wurde das Modell eingesetzt, um die Populationsdynamik im Versuch vorherzusa-
gen. Dies war in guter Übereinstimmung mit den Messdaten möglich. Die Simulationsergeb-
nisse bestätigen die Tauglichkeit des Modells, Populationsdynamiken von Algen zu be-
schreiben und Vorhersagen über die Ergebnisse von Durchfluss-Experimenten mit zeitlich-
variablen Expositionsprofilen zu treffen. Im Hinblick auf diese Ergebnisse war der nächste 
Schritt nun die Durchführung der Hauptversuche mit Isoproturon. 
Zwei Langzeitversuche unter Durchflußbedingungen wurden durchgeführt, je einer mit der 
Standardtestspezies D. subspicatus und P. subcapitata. Das FOCUS-Expositionsmuster für 
Isoproturon wurde leicht modifiziert um eine Nachbildung im Testsystem zu ermöglichen. 
Verschiedene Arten von Peaks mit unterschiedlicher Höhe und Dauer, wurden ebenso wie 
konstante Expositionsperioden in den Versuchen realisiert. Beide Langzeitversuche wurden 
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nach dem gleichen Schema durchgeführt: Nachdem sich ein Gleichgewicht im System ein-
gestellt hatte, wurden die Algen der Testsubstanz ausgesetzt, ausgehend vom berechneten 
Expositionsprofil. Zusätzlich dazu wurde ein Peak mit einer hohen, der ErC95 entsprechenden 
Konzentration von Isoproturon appliziert, um einen besonders starken Effekt auf die Algen-
population zu bewirken. Jedes Eintragsereignis dem die Algen ausgesetzt waren, bewirkte 
zuerst eine Wachstumshemmung und damit eine sichtbare Abnahme der Populationsdichte. 
Anschließend jedoch, nachdem die Konzentration der Testsubstanz entsprechend der 
Durchflussrate aus dem System verschwand, zeigte sich eine schnelle Wiedererholung der 
Population. 
Es konnten keine veränderte Sensitivität, verlängerte Wiedererholungsphasen, keine Ände-
rungen im Effekt, oder Adaptionen an die Testsubstanz festgestellt werden. Keine Verände-
rungen in der Auswirkung auf das Wachstum über die Zeit wurden beobachtet, auch nicht 
nach Zeiträumen konstanter Exposition oder nach dem zusätzlichen Eintrag einer besonders 
hohen Konzentration von Isoproturon. Mögliche Änderungen in der Populationsstruktur konn-
ten im Rahmen dieser Experimente nicht untersucht werden. Selbst besonders starke Hem-
mungen der Wachstumsrate über einen bestimmten Zeitraum gaben keine Anzeichen be-
drohlicher Auswirkungen auf die Algenpopulationen. 
Die Ergebnisse der Durchfluss-Experimente unterstützen die Folgerung, dass die Wachs-
tumsrate (als relevanter Endpunkt in der Risikoabschätzung von Pflanzenschutzmitteln) als 
Indikator für eine potentielle Gefährdung einer Population verwendet werden kann. Die Mo-
dellvorhersagen zur Populationsdynamik, zu den Auswirkungen von Pflanzenschutzmitteln 
auf das Populationswachstum, stimmten gut mit den Messdaten überein. Die Messwerte der 
experimentellen Randbedingungen, die standardisierten Parametersätze, sowie die Messda-
ten zur Toxizität waren die einzigen Eingabewerte, die für Simulationen benötigt und ver-
wendet wurden. Eine Simulation der Experimente war dadurch ohne Modellanpassungen 
oder Parameteroptimierungen möglich. Abweichungen zwischen Modellvorhersagen und 
experimentellen Daten waren in allen Fällen protektiv. 
Die Ergebnisse dieser Arbeit bestätigen die Aussagen aus der wissenschaftlichen Literatur, 
dass Durchfluss-Systeme geeignete Werkzeuge sind, um die Effekte toxischer Substanzen 
auf Algen zu untersuchen und zu bewerten. Das entwickelte Algenmodell bewies sein Poten-
tial, die wachstumshemmenden Effekte zeitlich-variabler Exposition ebenso wie die Wieder-
erholung der Populationen, richtig zu beschreiben.  
Überdies belegen die Simulationsergebnisse die Effizienz und Tauglichkeit des Modells, die 
Auswirkungen von Pflanzenschutzmitteln auf Populationsebene nach zeitlich-variabler Expo-
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sition vorhersagen zu können. Eine Verwendung des Modells, als festem Bestandteil der 
Risikoabschätzung von Pflanzenschutzmitteln, wäre folglich von großem Vorteil.  
Ebenso konnte die Effektivität des Konzepts einer engen und voneinander abhängigen Kom-
bination von Experimenten und Modellierung gezeigt werden. Nicht nur die durchgeführten 
Laborversuche lieferten wertvolle Informationen zu den Effekten von Pflanzenschutzmitteln 
auf Populationsebene, ebenso erwiesen sich durch die Anwendung des Modells praktische 
Vorteile: Ein Einsatz von Simulationen um ein Durchfluss-Experiment zu konzipieren und 
nötigenfalls einen Entwurf zu verbessern, ist als erster Schritt sinnvoll. Die Resultate eines 
Experiments können im Weiteren ebenso durch das Modell beschrieben werden, wie es 
dann möglich ist auf verschiedene Expositionsszenarien zu extrapolieren um Effekte auf Al-
genpopulationen vorherzusagen. 
Zusammenfassend konnte mit dieser Arbeit ein vielversprechender, neuer Ansatz aufgezeigt 
werden, die Expositionsprofile von Pflanzenschutzmitteln in Oberflächengewässern in zeit-
lich-variablem Maßstab, sowie deren Auswirkungen auf Algenpopulationen, realitätsnäher 
nachzubilden und zu bewerten. Die schlüssigen Ergebnisse des aufgestellten Konzepts ma-
chen deutlich, dass Populationsmodelle als Unterstützung in der Risikoabschätzung von 
Pflanzenschutzmitteln, nutzbringend Verwendung finden können. 
 
 
